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Abstract  

Polycyclic aromatic compounds (PACs) represent a complex and structurally diverse group of 

aromatic organic contaminants of both petrogenic and pyrogenic origins. These compounds are 

released into the environment from anthropogenic and natural sources as complex mixtures, 

encompassing thousands of different aromatic, alkyl-aromatic, and heterocyclic hydrocarbons 

containing N-, S-, or O- atoms. Overwhelmingly, most of the research in this field has focused on 

the sixteen 16 US Environmental Protection Agency priority polycyclic aromatic hydrocarbons 

(PAHs). However, there is still a large knowledge gap on the identification and quantitation of 

other PACs, for instance halogenated PAHs (HPAHs), which has led to the overarching hypothesis 

of my thesis: additional PACs are present in the environment and gas chromatography coupled to 

mass spectrometry can be used to accurately identify and quantify them. The specific class of 

PACs that I was interested in studying were ones containing halogen atoms. The rationale for this 

is that the addition of a halogen on the PAC backbone will increase their environmental persistent 

and bioaccumulative potential relative to non-halogenated species. The first advancement I made 

was the detection of HPAHs in environmental samples from the Athabasca Oil Sands Region 

(AOSR). To my knowledge, this is the first report on the detection of HPAHs from AOSR. The 

second major advancement I made was the validation of two extraction methods for PACs for 

abiotic (sediment) and biotic (avian egg) samples, respectively. In both studies, I was able to 

significantly streamline the sample preparation process of PACs. I also compared various 

quantification methods for PAC analysis which has led to improved measurement accuracy and 

precision. The overall results of my work will impact future studies on the development of even 

faster and more cost-effective analytical monitoring techniques, tools designed to delineate sources 

of crude oil exposures, and forensic studies leading to new areas of analytical research.  
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Chapter 1: Introduction 

1.1 Chemical Constituents of Fossil Fuels 

Fossil fuels, such as petroleum and coal, are formed naturally from the remains of dead 

plants or animals in the Earth’s crust. Organic molecules, such as polysaccharides, glycosides, 

lipids, and proteins, break apart into insoluble organic matter, kerogens, under near-to-ambient 

temperature and pressure with the aid of microbial activities in a process known as diagenesis.1-4 

Kerogens are then transformed to fossil fuel by the heat and pressure of Earth’s crust over very 

long periods, ranging from thousands to millions of years in a process known as catagenesis.1,4  

Petroleum-based fossils, including oil and gas, are an important part of Canada’s economy. 

Annually, this sector generates more than 52 billion Canadian dollars or 4.2% of the total Canada’s 

gross domestic Product (GDP) and employs ca. 70,000 Canadians. On a global scale, one quarter 

of total Canadian exports are attributable to the oil and gas sector. Today, Canada exports ca. 3 

million barrels per day of oil and projected to double by 2030.5,6  

Crude oil contains numerous compounds, including primarily hydrocarbons and polycyclic 

compounds with or without heterocyclic atoms (e.g., nitrogen, sulphur, oxygen). Metals, mineral 

and inorganic sulphur can also be found in crude oil. There are four major chemical classes for 

crude oil constituents, namely saturates, aromatics, resins and asphaltenes.7  

The term polycyclic aromatic compounds (PACs) encompasses compounds that have 

multiple fused aromatic rings and can be categorized into different sub-classes. These include 

polycyclic aromatic hydrocarbons (PAHs), alkylated polycyclic aromatic hydrocarbons (APAHs), 
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halogenated polycyclic aromatic hydrocarbons (HPAHs) and heterocyclic compounds which can 

contain either S-, N- and O- incorporated into the cyclic ring.  

Among all the different classes of PACs, PAHs are one of the most studied group of 

chemicals in the aromatic group and 16 PAHs have been identified as priority pollutants by the 

United States Environmental Protection Agency (US EPA) and are listed under Schedule 1 of the 

Canadian Environmental Protection Act.7-11 The structure of the 16 PAHs is shown in Figure 1.1. 

While my research involves understanding the behaviour of PACs in the environment, my 

primary focus is on HPAHs.7,12 Specifically, I studied HPAHs that contain chlorine and bromine 

atoms attached to the aromatic backbone. 
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Figure 1.1: Structure of 16 US EPA priority polycyclic aromatic hydrocarbons. 
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1.2 Formation of HPAHs 

In Canada, the Alberta Oil Sands Region (AOSR), represents the third largest oil reserve 

in the world, containing approximately 1.8 trillion barrels of bitumen (thick crude oil), which is 

rich in PACs.13-16 Emissions of these compounds into the surrounding environment occur primarily 

from industrial activities related to oil and gas sector.17-20 In addition, PACs are also known to be 

a by-product from fossil fuels combustion, such as wood, coal and petroleum.21,22 

The AOSR is also rich in elemental chlorine and bromine as it was covered by sea water 

millions of years ago.23 Forcing conditions like elevated pressures and temperatures which occur 

during oil sand formation, including diagenesis and catagenesis, is likely to facilitate the formation 

of HPAHs with elements Al and Fe as catalysts.24 

To date, HPAHs have been assumed to be generated from the combustion of fossil fuels 

and industrial thermal activities.22,25-27 However, I hypothesised that HPAHs can be formed in situ 

in oil deposits as both PACs and halogen atoms are available for their formation. 

Due to the natural abundance and environmental availability of halogen elements, 

chlorinated PAHs (ClPAHs) and brominated PAHs (BrPAHs) have only recently been the focus 

of environmental chemistry research and monitoring activities.28,29 With the exception of 

polychlorinated naphthalenes (PCNs), other HPAHs have received little attention.7,30,31 The lack 

of research is due in part to the lack of analytical methods and availability of analytical standards. 

The challenge with the synthesis, however, is ensuring the addition of a halogen to a specific 

carbon atom.31 Because of the large number of potential sites of halogen additions, numerous 

theoretically possible constitutional isomers can arise.32  
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Research on HPAHs can be traced back to the 1980s; they were obtained by chlorination 

of matrices containing PAHs, such as coal tar, contaminated water, fly ash, carbon black and PAH 

standards by various chlorine-containing reagents like bleach, chlorine gas, and HCl gas.33-38 

Halogenated PAHs can be emitted during combustion processes and as by-products of industrial 

activities;26,39-41 they can also be formed in photochemical reactions by exposing PAHs with 

halogens under strong sun light.42  

Due to the structural similarity of HPAHs and PAHs, HPAHs are likely to be persistent in 

the environment.7 Interestingly, the toxicity of some of the HPAHs has been shown similar to that 

of dibenzo-p-dioxins and dibenzofurans (PCDD/Fs).43,44 Some studies have also shown that 

HPAHs are a class of potential carcinogens and genotoxicants.12,45 Thus, although HPAHs are not 

purposely synthesized and emitted into the environment, they should not be ignored when it comes 

to the evaluation of carcinogenic risk and monitoring environmental related pollutants. Current 

research pertaining to HPAHs is concentrated on their environmental occurrence. Recently, 

HPAHs have been detected in various environmental matrices, abiotic samples and biota, such as 

soil,46 fly ash,47 electronic waste,48 air,49 sediment,50 seafood from southern China,51 and semi-

aquatic organisms from the Alberta oil sands region.52 The physicochemical properties of HPAHs, 

including vapour pressure, solubility, and partition coefficient, and photostability are well 

compiled by Sun et al.,29 and hence will not be discussed in this thesis. The toxicology and 

formation mechanisms of HPAHs have received less attention; in fact there are only a few papers 

discussing the formation of HPAHs, and most of these papers do not propose a plausible 

mechanism of toxicity.24,26,40,42,47,53-57 Most studies use toxic equivalents (TEQs) to estimate the 

risk arising from human exposure and only a few studies have conducted toxicological 

research.26,44,58-65  
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1.3 Physicochemical Properties of HPAHs 

Considering the negative biological effects and because so little is known about their 

environmental fate and distribution, recent research has focused on understanding the fate and 

behaviour of these compounds in the environment. The physicochemical (p-chem) properties 

calculated by Estimation Programs Interface Suite™ (EPI Suite™) of a few HPAHs, including 

vapor pressure, solubility, and partition coefficient, and photostability were compiled by 

Gonzales;66 however, a full suite of the congeners of HPAHs is not listed.  

EPI Suite™, a software developed by the US EPA, can predict p-chem properties, and 

estimate the environmental fate of chemical compounds.67 EPI Suite™ uses mathematical 

algorithms and fragment-based method that can calculate p-chem properties by summing the 

contribution of all fragments.68 Ecological Structure Activity Relationships™ (ECOSAR™) can 

be used to predict aquatic toxicity, which includes various endpoints, such as acute (short-term) 

toxicity and chronic (long-term or delayed) toxicity for different organisms, including fish, aquatic 

invertebrates, and green algae, salt water and terrestrial species.69 In addition, EPI Suite™ also 

includes the following estimation programs, viz., KOWWIN™, AOPWIN™, HENRYWIN™, 

MPBPWIN™, BIOWIN™, BioHCwin™, KOCWIN™, WSKOWWIN™, WATERNT™, 

BCFBAF™, HYDROWIN™, KOAWIN™, and AEROWIN™.67 

HPAHs examined in this thesis were limited to congeners containing four halogen atoms 

due to their environmental relevance and availability. For simplicity, one constitutional isomer of 

HPAH has been used to represent each class of congeners: 1-Cl/Br-PAH, 1,2-Cl2/Br2-PAH, 1,2,3-

Cl3/Br3-PAH, and 1,2,3,4-Cl4/Br4-PAH are used to represent mono-halogenated to tetra-

halogenated PAHs, respectively.  
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The predicted p-chem and environmental fate properties of HPAHs are shown in Table 1.1. 

Melting point, boiling point, and vapor pressure are related to the molecular weight; all HPAHs 

are in the solid phase at room temperature and the majority of HPAHs, especially 2 – 4 rings 

HPAHs, are semi-volatile. Most HPAHs are not very soluble in water (log octanol / water partition 

coefficient (log KOW) > 4] and are readily bioavailable (log KOW > 4); all HPAHs are strongly 

bound to soil or sediment (log soil adsorption coefficient (log KOC) > 3.5), which suggests there is 

negligible transportation to underground water. The majority of HPAHs have moderate to high 

potential for bioconcentration (bioconcentration factor log BCF > 3). Although evidence suggest 

HPAH are not highly toxic, they may still be a risk for biological organisms because of the high 

potential for bioconcentration. 

With an increase in halogen content and molecular weight, congeners of HPAHs are less 

soluble in water, less volatile, more toxic, and partitioning more into soil or sediment. Congeners 

of mono- and di-halogenated PAHs with more halogen atoms generally have higher potential for 

bioconcentration, while some tri- and tetra-halogenated PAHs have lower potential for 

bioconcentration, which may be due to their higher molecular weight and lower bioavailability. It 

seems that plants (e.g., green algae) are estimated to be less sensitive to the toxic effect of HPAHs 

compared to animals (e.g., fish and daphnid). Not surprisingly, the chemical properties also depend 

on the PAH skeleton. 

Comparing Cl-PAHs and Br-PAHs, Br-PAHs are less soluble and less volatile than Cl-

PAHs, but this difference decreases with increasing number of halogens. Br-PAHs are predicted 

to be more toxic than Cl-PAHs, and this difference increases with increasing number of halogens. 

Due to their high predicted toxicity, the predicted LC50 data for Br-PAHs are similar between fish 

and daphnid.  
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Although EPI Suite™ is useful for estimating p-chem and environmental fate properties of 

the HPAHs, constitutional isomers cannot be differentiated based on the mathematical algorithms 

and fragment-based method. Constitutional isomers have two different types, resulted by 

substitution position of halogen atoms or structural isomers due to PAH skeletons, for instance Cl-

Phe and Cl-Ant. 
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Table 1.1: Predicted p-chem and environmental fate properties of the HPAHs by EPI Suite™ and ECOSAR™.67,69 

Name MW 

(g mol-1) 

Molecular 

Formula 

MPa 

(°C) 

BPb 

(°C) 

VPc (Pa) Log 

KOW
d 

WS 

(mg L-1)e 

Henry's 

Law 

Constant 

(atm m3 

mol-1)f 

Log 

KOC
g 

Log 

BCFh 

Toxicity (mg L-1)i 

Fish, 

96h, 

LC50 

Daphnid, 

48h, 

LC50 

Green 

Algae, 

96h, 

EC50 

Nap 128.18 C10H8 5.01 231.64 5.38E+00 3.17 1.42E+02 3.70E-04 3.19 1.84 9.39 5.94 6.91 

Cl-Nap 162.62 C10H7Cl 34.55 260.14 2.24E+00 3.81 2.18E+01 3.15E-04 3.40 2.36 3.14 2.11 3.14 

Cl2-Nap 197.07 C10H6Cl2 63.40 286.30 1.88E-01 4.46 7.06E+00 2.68E-04 3.61 3.19 1.00 0.72 1.36 

Cl3-Nap 231.51 C10H5Cl3 83.52 310.11 4.19E-02 5.10 1.31E+00 2.28E-04 4.17 3.62 0.31 0.24 0.57 

Cl4-Nap 265.95 C10H4Cl4 106.02 331.57 7.21E-04 5.75 2.28E-01 1.94E-04 4.40 4.05 0.094 0.076 0.24 

Br-Nap 207.07 C10H7Br 54.47 277.21 7.09E-01 4.06 1.38E+01 1.54E-04 3.40 2.35 2.41 1.65 2.70 

Br2-Nap 285.97 C10H6Br2 91.76 316.45 2.48E-02 4.95 8.79E-01 6.43E-05 3.62 3.52 0.53 0.39 0.90 

Br3-Nap 364.86 C10H5Br3 119.15 349.50 2.11E-03 5.84 5.19E-02 2.68E-05 3.83 4.11 0.11 0.087 0.28 

Br4-Nap 443.76 C10H4Br4 142.21 380.20 2.18E-04 6.73 2.92E-03 1.12E-05 4.05 4.69 0.021 0.018 0.082 

Acy 152.20 C12H8 60.35 294.42 1.64E-01 3.76 3.56E+00 4.25E-05 3.70 2.15 3.30 2.21 3.21 

Cl-Acy 186.64 C12H7Cl 88.30 317.45 2.52E-02 4.40 6.91E-01 3.62E-05 3.92 2.57 1.07 0.76 1.41 

Cl2-Acy 221.09 C12H6Cl2 104.96 338.14 1.06E-02 5.05 1.29E-01 3.08E-05 4.14 3.58 0.33 0.25 0.60 

Cl3-Acy 255.53 C12H5Cl3 118.56 357.04 1.42E-03 5.69 2.36E-02 2.62E-05 4.70 4.01 0.10 0.081 0.25 

Cl4-Acy 289.98 C12H4Cl4 137.35 375.74 3.16E-04 6.34 4.24E-03 2.23E-05 4.91 4.43 0.030 0.026 0.10 

Br-Acy 231.09 C12H7Br 98.00 331.01 9.65E-03 4.65 2.51E-01 1.77E-05 3.92 2.73 0.80 0.58 1.18 
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Br2-Acy 309.99 C12H6Br2 125.21 362.36 8.97E-04 5.54 1.56E-02 7.39E-06 4.14 3.91 0.17 0.13 0.38 

Br3-Acy 388.89 C12H5Br3 148.56 393.06 9.06E-05 6.43 9.04E-04 3.08E-06 4.35 4.49 0.034 0.029 0.12 

Br4-Acy 467.78 C12H4Br4 176.99 423.76 7.69E-06 7.32 5.03E-05 1.28E-06 4.57 4.55 0.006 0.006 0.034 

Ace 154.21 C12H10 53.64 272.72 1.72E-01 4.15 2.53E+00 5.87E-05 3.70 2.25 1.48 1.03 1.74 

Cl-Ace 188.66 C12H9Cl 74.79 301.18 8.25E-02 4.33 7.74E-01 9.95E-05j 3.92 2.53 1.25 0.88 1.59 

Cl2-Ace 223.10 C12H8Cl2 91.42 308.61 3.76E-03 5.25 8.40E-02 3.50E-05j 4.08 3.13 1.02 0.73 1.41 

Cl3-Ace 257.55 C12H7Cl3 108.28 343.57 3.81E-03 5.62 2.64E-02 5.46E-05j 4.34 2.53 0.12 0.094 0.28 

Cl4-Ace 291.99 C12H6Cl4 124.09 365.02 1.62E-03 5.80 1.18E-02 1.92E-05j 4.57 3.49 0.092 0.075 0.24 

Br-Ace 233.11 C12H9Br 86.64 316.83 2.71E-02 4.42 3.81E-01 3.25E-05j 3.92 2.58 1.28 0.91 1.71 

Br2-Ace 312.01 C12H8Br2 118.54 350.62 2.01E-03 5.43 1.86E-02 3.75E-06j 4.08 3.25 0.98 0.71 1.49 

Br3-Ace 390.90 C12H7Br3 139.20 380.53 2.31E-04 6.20 1.37E-03 5.17E-06j 4.34 3.76 0.054 0.045 0.17 

Br4-Ace 469.80 C12H6Br4 166.32 414.78 1.69E-05 6.47 2.58E-04 5.95E-07j 4.57 3.94 0.037 0.032 0.13 

Fle 166.22 C13H10 63.69 292.57 8.21E-02 4.02 1.34E+00 3.46E-05 3.96 2.42 2.11 1.45 2.33 

Cl-Fle 200.67 C13H9Cl 84.70 315.79 3.00E-02 4.66 3.53E-01 2.94E-05 4.18 2.74 0.67 0.49 1.01 

Cl2-Fle 235.11 C13H8Cl2 100.94 325.77 1.19E-02 4.83 1.65E-01 2.08E-05j 4.36 2.86 0.55 0.41 0.89 

Cl3-Fle 269.56 C13H7Cl3 119.87 355.62 1.48E-03 5.95 1.19E-02 2.13E-05 4.95 3.59 0.063 0.051 0.17 

Cl4-Fle 304.00 C13H6Cl4 138.67 374.32 3.30E-04 6.59 2.11E-03 1.81E-05 5.17 4.02 0.019 0.016 0.070 

Br-Fle 245.12 C13H9Br 99.98 329.46 1.00E-02 4.91 1.26E-01 1.44E-05 4.18 2.90 0.50 0.37 0.83 

Br2-Fle 324.02 C13H8Br2 127.09 365.29 7.28E-04 5.01 3.60E-02 2.22E-06 j 4.36 2.97 0.52 0.39 0.93 

Br3-Fle 402.91 C13H7Br3 149.45 391.64 9.59E-05 6.69 4.45E-04 2.50E-06 4.60 4.08 0.021 0.018 0.080 
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Br4-Fle 481.81 C13H6Br4 176.32 422.34 8.48E-06 7.58 2.47E-05 1.04E-06 4.83 3.84 0.004 0.004 0.023 

Phe 178.24 C14H10 78.09 327.31 5.75E-03 4.34 6.77E-01 2.56E-05 4.22 3.27 1.15 0.81 1.48 

Cl-Phe 212.68 C14H9Cl 105.05 346.99 3.42E-03 4.99 1.60E-01 2.18E-05 4.44 3.62 0.36 0.27 0.63 

Cl2-Phe 247.13 C14H8Cl2 121.11 365.68 8.27E-04 5.63 2.94E-02 1.86E-05 4.65 4.63 0.11 0.088 0.26 

Cl3-Phe 281.57 C14H7Cl3 134.59 384.38 2.10E-04 6.28 5.30E-03 1.58E-05 5.21 5.06 0.033 0.028 0.11 

Cl4-Phe 316.02 C14H6Cl4 153.39 403.07 4.57E-05 6.92 9.40E-04 1.34E-05 5.43 5.48 0.010 0.009 0.043 

Br-Phe 257.13 C14H9Br 114.32 359.00 1.41E-03 5.24 5.67E-02 1.07E-05 4.44 3.78 0.26 0.20 0.52 

Br2-Phe 336.03 C14H8Br2 141.25 389.70 1.32E-04 6.13 3.43E-03 4.45E-06 4.65 4.96 0.054 0.045 0.16 

Br3-Phe 414.92 C14H7Br3 164.58 420.40 1.29E-05 7.02 1.96E-04 1.86E-06 4.86 5.36 0.011 0.010 0.049 

Br4-Phe 493.82 C14H6Br4 189.76 451.10 1.16E-06 7.91 1.08E-05 7.73E-07 5.09 4.93 0.002 0.002 0.014 

Ant 178.24 C14H10 78.09 327.31 2.89E-04 4.35 6.91E-01 2.56E-05 4.21 2.60 1.15 0.81 1.48 

Cl-Ant 212.68 C14H9Cl 105.05 346.99 5.72E-03 4.99 1.60E-01 2.18E-05 4.43 2.96 0.36 0.27 0.63 

Cl2-Ant 247.13 C14H8Cl2 121.11 365.68 8.27E-04 5.63 2.94E-02 1.86E-05 4.65 3.97 0.11 0.088 0.26 

Cl3-Ant 281.57 C14H7Cl3 134.59 384.38 2.10E-04 6.28 5.30E-03 1.58E-05 5.21 4.40 0.033 0.028 0.11 

Cl4-Ant 316.02 C14H6Cl4 153.39 403.07 4.57E-05 6.92 9.40E-04 1.34E-05 5.43 4.82 0.010 0.009 0.043 

Br-Ant 257.13 C14H9Br 114.32 359.00 1.41E-03 5.24 5.67E-02 1.07E-05 4.43 3.12 0.26 0.20 0.52 

Br2-Ant 336.03 C14H8Br2 141.25 389.70 1.32E-04 6.13 3.43E-03 4.45E-06 4.65 4.29 0.054 0.045 0.16 

Br3-Ant 414.92 C14H7Br3 164.58 420.40 1.29E-05 7.01 1.96E-04 1.86E-06 4.86 4.70 0.011 0.010 0.049 

Br4-Ant 493.82 C14H6Br4 189.76 451.10 1.16E-06 7.90 1.08E-05 7.73E-07 5.07 4.27 0.002 0.002 0.014 

Flu 202.26 C16H10 119.90 371.85 4.17E-04 4.93 1.30E-01 2.94E-06 4.74 3.07 0.39 0.29 0.66 
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Cl-Flu 236.70 C16H9Cl 134.58 390.55 1.49E-04 5.58 3.75E-02 2.50E-06 4.96 3.35 0.12 0.094 0.28 

Cl2-Flu 271.15 C16H8Cl2 153.38 409.24 3.23E-05 6.22 6.79E-03 2.13E-06 5.17 4.36 0.036 0.030 0.11 

Cl3-Flu 305.59 C16H7Cl3 164.98 427.94 8.33E-06 6.87 1.21E-03 1.81E-06 5.74 4.78 0.011 0.010 0.045 

Cl4-Flu 340.04 C16H6Cl4 182.21 446.63 1.83E-06 7.51 2.13E-04 1.54E-06 5.95 4.46 0.003 0.003 0.018 

Br-Flu 281.15 C16H9Br 147.31 402.56 5.50E-05 5.82 1.30E-02 1.23E-06 4.96 3.51 0.085 0.069 0.22 

Br2-Flu 360.05 C16H8Br2 170.93 433.26 5.27E-06 6.71 7.73E-04 5.11E-07 5.17 4.68 0.017 0.015 0.068 

Br3-Flu 438.95 C16H7Br3 195.76 463.96 4.71E-07 7.60 4.36E-05 2.13E-07 5.39 4.41 0.003 0.003 0.020 

Br4-Flu 517.84 C16H6Br4 210.10 494.66 1.56E-07 8.49 2.38E-06 8.88E-08 5.61 3.98 0.0006 0.0006 0.006 

Pyr 202.26 C16H10 119.90 371.85 4.59E-05 4.93 2.25E-01 2.94E-06 4.74 2.89 0.39 0.29 0.66 

Cl-Pyr 236.70 C16H9Cl 134.58 390.55 1.49E-04 5.58 3.75E-02 2.50E-06 4.95 3.35 0.12 0.094 0.28 

Cl2-Pyr 271.15 C16H8Cl2 153.38 409.24 3.23E-05 6.22 6.79E-03 2.13E-06 5.16 4.36 0.036 0.030 0.11 

Cl3-Pyr 305.59 C16H7Cl3 164.98 427.94 8.33E-06 6.87 1.21E-03 1.81E-06 5.73 4.78 0.011 0.010 0.045 

Cl4-Pyr 340.04 C16H6Cl4 182.21 446.63 1.83E-06 7.51 2.13E-04 1.54E-06 5.94 4.46 0.003 0.003 0.018 

Br-Pyr 281.15 C16H9Br 147.31 402.56 5.50E-05 5.82 1.34E-02 1.23E-06 4.95 3.50 0.085 0.069 0.22 

Br2-Pyr 360.05 C16H8Br2 170.93 433.26 5.27E-06 6.71 7.73E-04 5.11E-07 5.16 4.68 0.017 0.015 0.068 

Br3-Pyr 438.95 C16H7Br3 195.76 463.96 4.71E-07 7.60 4.36E-05 2.13E-07 5.39 4.41 0.003 0.003 0.020 

Br4-Pyr 517.84 C16H6Br4 210.10 494.66 1.56E-07 8.49 2.38E-06 8.88E-08 5.60 3.98 0.0006 0.0006 0.006 

BaA 228.30 C18H12 135.96 399.19 3.62E-05 5.52 2.91E-01 1.77E-06 5.25 3.47 0.13 0.10 0.29 

Cl-BaA 262.74 C18H11Cl 150.62 417.89 2.14E-05 6.17 8.46E-03 1.51E-06 5.46 3.73 0.039 0.033 0.12 

Cl2-BaA 297.19 C18H10Cl2 163.79 436.58 5.26E-06 6.81 1.51E-03 1.28E-06 5.69 4.75 0.012 0.010 0.048 
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Cl3-BaA 331.63 C18H9Cl3 181.01 455.28 1.15E-06 7.45 2.67E-04 1.09E-06 6.23 4.49 0.003 0.003 0.019 

Cl4-BaA 366.08 C18H8Cl4 198.23 473.97 2.47E-07 8.10 5.96E-05 9.30E-07 6.46 4.17 0.001 0.0001 0.008 

Br-BaA 307.19 C18H11Br 163.35 429.89 7.78E-06 6.41 2.90E-03 7.39E-07 5.46 3.90 0.028 0.024 0.094 

Br2-BaA 386.09 C18H10Br2 186.95 460.59 7.23E-07 7.30 1.69E-04 3.08E-07 5.69 4.56 0.006 0.005 0.029 

Br3-BaA 464.98 C18H9Br3 208.53 491.29 6.86E-08 8.19 9.40E-06 1.28E-07 5.89 4.13 0.001 0.001 0.008 

Br4-BaA 543.88 C18H8Br4 222.87 521.99 7.72E-09 9.08 5.09E-07 5.35E-08 6.11 3.69 0.0002 0.0002 0.002 

Chr 228.30 C18H12 135.96 399.19 2.08E-07 5.52 2.64E-02 1.77E-06 5.26 3.50 0.13 0.10 0.29 

Cl-Chr 262.74 C18H11Cl 150.62 417.89 2.14E-05 6.17 8.46E-03 1.51E-06 5.47 3.73 0.039 0.033 0.12 

Cl2-Chr 297.19 C18H10Cl2 163.79 436.58 5.26E-06 6.81 1.51E-03 1.28E-06 5.68 4.75 0.012 0.010 0.048 

Cl3-Chr 331.63 C18H9Cl3 181.01 455.28 1.15E-06 7.45 2.67E-04 1.09E-06 6.24 4.49 0.003 0.003 0.019 

Cl4-Chr 366.08 C18H8Cl4 198.23 473.97 2.47E-07 8.10 4.66E-05 9.30E-07 6.47 4.17 0.001 0.0001 0.008 

Br-Chr 307.19 C18H11Br 163.35 429.89 7.78E-06 6.41 2.90E-03 7.39E-07 5.47 3.90 0.028 0.024 0.094 

Br2-Chr 386.09 C18H10Br2 186.95 460.59 7.23E-07 7.30 1.69E-04 3.08E-07 5.68 4.56 0.006 0.005 0.029 

Br3-Chr 464.98 C18H9Br3 208.53 491.29 6.86E-08 8.19 9.40E-06 1.28E-07 5.90 4.13 0.001 0.001 0.008 

Br4-Chr 543.88 C18H8Br4 222.87 521.99 7.72E-09 9.08 5.09E-07 5.35E-08 6.12 3.69 0.0002 0.0002 0.002 

BbF 252.32 C20H12 169.41 442.75 3.32E-06 6.11 2.07E-02 2.03E-07 5.78 3.48 0.042 0.035 0.13 

Cl-BbF 286.76 C20H11Cl 181.72 461.45 7.92E-07 6.75 1.94E-03 1.73E-07 5.99 4.12 0.013 0.011 0.051 

Cl2-BbF 321.21 C20H10Cl2 198.94 480.14 1.70E-07 7.40 3.44E-04 1.47E-07 6.21 4.51 0.004 0.004 0.020 

Cl3-BbF 355.65 C20H9Cl3 212.05 498.84 4.02E-08 8.04 6.02E-05 1.25E-07 6.77 4.20 0.001 0.001 0.008 

Cl4-BbF 390.10 C20H8Cl4 220.79 517.53 1.06E-08 8.69 1.04E-05 1.07E-07 6.99 3.88 0.0003 0.0003 0.003 
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Br-BbF 331.21 C20H11Br 193.31 473.45 2.91E-07 7.00 6.57E-04 8.48E-08 5.99 4.28 0.009 0.008 0.040 

Br2-BbF 410.11 C20H10Br2 214.54 504.15 2.76E-08 7.89 3.77E-05 3.54E-08 6.21 4.27 0.0017 0.0017 0.012 

Br3-BbF 489.01 C20H9Br3 228.88 534.85 3.07E-09 8.78 2.08E-06 1.47E-08 6.43 3.84 0.0003 0.0003 0.003 

Br4-BbF 567.90 C20H8Br4 243.22 565.55 3.34E-10 9.67 1.12E-07 6.14E-09 6.64 3.40 0.00006 0.00007 0.00097 

BkF 252.32 C20H12 169.41 442.75 1.05E-07 6.11 1.08E-02 2.03E-07 5.77 3.70 0.042 0.035 0.13 

Cl-BkF 286.76 C20H11Cl 181.72 461.45 7.92E-07 6.75 1.94E-03 1.73E-07 5.98 4.12 0.013 0.011 0.051 

Cl2-BkF 321.21 C20H10Cl2 198.94 480.14 1.70E-07 7.40 3.44E-04 1.47E-07 6.20 4.51 0.004 0.004 0.020 

Cl3-BkF 355.65 C20H9Cl3 212.05 498.84 4.02E-08 8.04 6.02E-05 1.25E-07 6.76 4.20 0.001 0.001 0.008 

Cl4-BkF 390.10 C20H8Cl4 220.79 517.53 1.06E-08 8.69 1.04E-05 1.07E-07 6.98 3.88 0.0003 0.0003 0.003 

Br-BkF 331.21 C20H11Br 193.31 473.45 2.91E-07 7.00 6.57E-04 8.48E-08 5.98 4.28 0.009 0.008 0.040 

Br2-BkF 410.11 C20H10Br2 214.54 504.15 2.76E-08 7.89 3.77E-05 3.54E-08 6.20 4.27 0.0017 0.0017 0.012 

Br3-BkF 489.01 C20H9Br3 228.88 534.85 3.07E-09 8.78 2.08E-06 1.47E-08 6.42 3.84 0.0003 0.0003 0.003 

Br4-BkF 567.90 C20H8Br4 243.22 565.55 3.34E-10 9.67 1.12E-07 6.14E-09 6.63 3.40 0.00006 0.00007 0.00097 

BaP 252.32 C20H12 169.41 442.75 1.31E-07 6.11 1.04E-02 2.03E-07 5.77 3.71 0.042 0.035 0.13 

Cl-BaP 286.76 C20H11Cl 181.72 461.45 7.92E-07 6.75 1.94E-03 1.73E-07 5.98 4.12 0.013 0.011 0.051 

Cl2-BaP 321.21 C20H10Cl2 198.94 480.14 1.70E-07 7.40 3.44E-04 1.47E-07 6.20 4.51 0.004 0.004 0.020 

Cl3-BaP 355.65 C20H9Cl3 212.05 498.84 4.02E-08 8.04 6.02E-05 1.25E-07 6.76 4.20 0.001 0.001 0.008 

Cl4-BaP 390.10 C20H8Cl4 220.79 517.53 1.06E-08 8.69 1.04E-05 1.07E-07 6.98 3.88 0.0003 0.0003 0.003 

Br-BaP 331.21 C20H11Br 193.31 473.45 2.91E-07 7.00 6.57E-04 8.48E-08 5.98 4.28 0.009 0.008 0.040 

Br2-BaP 410.11 C20H10Br2 214.54 504.15 2.76E-08 7.89 3.77E-05 3.54E-08 6.20 4.27 0.0017 0.0017 0.012 
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Br3-BaP 489.01 C20H9Br3 228.88 534.85 3.07E-09 8.78 2.08E-06 1.47E-08 6.42 3.84 0.0003 0.0003 0.003 

Br4-BaP 567.90 C20H8Br4 243.22 565.55 3.34E-10 9.67 1.12E-07 6.14E-09 6.63 3.40 0.00006 0.00007 0.00097 

Ind 276.34 C22H12 199.66 486.31 1.67E-08 6.70 2.49E-03 2.34E-08 6.29 4.09 0.014 0.012 0.054 

Cl-Ind 310.79 C22H11Cl 214.94 505.01 2.59E-08 7.34 4.43E-04 1.99E-08 6.50 3.96 0.004 0.004 0.022 

Cl2-Ind 345.23 C22H10Cl2 223.67 523.70 6.83E-09 7.99 7.78E-05 1.69E-08 6.73 4.23 0.0012 0.0012 0.009 

Cl3-Ind 379.68 C22H9Cl3 232.40 542.40 1.78E-09 8.63 1.35E-05 1.44E-08 7.29 3.91 0.0003 0.0004 0.003 

Cl4-Ind 414.12 C22H8Cl4 241.13 561.09 4.62E-10 9.27 2.33E-06 1.23E-08 7.50 3.60 0.0001 0.0001 0.0013 

Br-Ind 355.24 C22H11Br 220.55 517.01 1.1E-08 7.59 1.48E-04 9.74E-09 6.59 3.84 0.003 0.003 0.017 

Br2-Ind 434.13 C22H10Br2 234.89 547.71 1.21E-09 8.48 8.39E-06 4.06E-09 6.73 3.99 0.0005 0.0006 0.005 

Br3-Ind 513.03 C22H9Br3 249.23 578.41 1.31E-10 9.37 4.59E-07 1.69E-09 6.94 3.55 0.0001 0.0001 0.0014 

Br4-Ind 591.92 C22H8Br4 263.57 609.11 1.38E-11 10.26 2.45E-08 7.05E-10 7.16 3.11 0.00002 0.00002 0.0004 

DahA 278.36 C22H14 180.52 470.09 1.85E-09 6.70 3.30E-03 1.23E-07 6.28 4.64 0.014 0.012 0.054 

Cl-DahA 312.80 C22H13Cl 197.74 488.78 1.06E-07 7.34 4.31E-04 1.04E-07 6.50 3.96 0.004 0.004 0.022 

Cl2-DahA 347.25 C22H12Cl2 214.96 507.48 2.24E-08 7.99 7.56E-05 8.88E-08 6.71 4.23 0.0012 0.0012 0.009 

Cl3-DahA 381.69 C22H11Cl3 224.82 526.17 5.72E-09 8.63 1.31E-05 7.56E-08 7.27 3.91 0.0003 0.0004 0.003 

Cl4-DahA 416.14 C22H10Cl4 233.56 544.87 1.49E-09 9.27 2.26E-06 6.43E-08 7.49 3.60 0.0001 0.0001 0.0013 

Br-DahA 357.25 C22H13Br 209.33 500.79 3.87E-08 7.59 1.44E-04 5.11E-08 6.50 3.84 0.003 0.003 0.017 

Br2-DahA 436.15 C22H12Br2 227.31 531.49 3.91E-09 8.48 8.15E-06 2.13E-08 6.71 3.99 0.0005 0.0006 0.005 

Br3-DahA 515.04 C22H11Br3 241.65 562.19 4.26E-10 9.37 4.46E-07 8.88E-09 6.92 3.55 0.0001 0.0001 0.0014 

Br4-DahA 593.94 C22H10Br4 255.99 592.89 4.55E-11 10.26 2.38E-08 3.70E-09 7.15 3.11 0.00002 0.00002 0.0004 
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BghiP 276.34 C22H12 199.66 486.31 1.17E-07 6.70 2.49E-03 2.34E-08 6.29 4.09 0.014 0.012 0.054 

Cl-BghiP 310.79 C22H11Cl 214.94 505.01 2.59E-08 7.34 4.43E-04 1.99E-08 6.50 3.96 0.004 0.004 0.022 

Cl2-BghiP 345.23 C22H10Cl2 223.67 523.70 6.83E-09 7.99 7.78E-05 1.69E-08 6.72 4.23 0.0012 0.0012 0.009 

Cl3-BghiP 379.68 C22H9Cl3 232.40 542.40 1.78E-09 8.63 1.35E-05 1.44E-08 7.28 3.91 0.0003 0.0004 0.003 

Cl4-BghiP 414.12 C22H8Cl4 241.13 561.09 4.62E-10 9.27 2.33E-06 1.23E-08 7.50 3.60 0.0001 0.0001 0.0013 

Br-BghiP 355.24 C22H11Br 220.55 517.01 1.1E-08 7.59 1.48E-04 9.74E-09 6.59 3.84 0.003 0.003 0.017 

Br2-BghiP 434.13 C22H10Br2 234.89 547.71 1.21E-09 8.48 8.39E-06 4.06E-09 6.72 3.99 0.0005 0.0006 0.005 

Br3-BghiP 513.03 C22H9Br3 249.23 578.41 1.31E-10 9.37 4.59E-07 1.69E-09 6.93 3.55 0.0001 0.0001 0.0014 

Br4-BghiP 591.92 C22H8Br4 263.57 609.11 1.38E-11 10.26 2.45E-08 7.05E-10 7.16 3.11 0.00002 0.00002 0.0004 

a melting point, mean value or weighted method.  
b boiling point, adapted Stein and Brown method.  
c vapor pressure, by modified Grain method or mean of Antoine and Grain methods.  
d octanol/water partition coefficient, estimated by KOWWIN™.  
e water solubility, estimated by WSKOW™.  
f estimated by group method of HENRYWIN™. 
g soil adsorption coefficient, estimated by MCI method of KOCWIN™. 
h bioconcentration factor, estimated by regression-based method by BCFBAF™.  
I estimated by ECOSAR™ as neutral organic compound. 
j estimated by bond method of HENRYWIN™. 
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1.4 Literature Review of Environmental Occurrence of Halogenated 

Polycyclic Aromatic Hydrocarbons 

1.4.1 Abiotic Matrices 

The detection of HPAHs can be traced back to the late 1980s. They were detected in 

automobile exhaust, snow and urban air, in both gas and particulate phases.70 Most studies on 

HPAHs are focused on abiotic matrices, especially air samples due to their volatility, however, 

considering the complexity of abiotic matrices, the occurrence of HPAHs can be categorized 

according to the different types of sample matrices.  

1.4.1.1 Air 

In 1993, Nilsson and Östman reported the detection of HPAHs in air samples from traffic 

heavy street areas and road tunnels in Sweden. The concentrations of HPAHs in air samples from 

tunnels were higher than street areas in both gas phase and particulate phase.71 Ohura et al. reported 

mean concentrations of total ClPAHs (ΣClPAHs) of 31 pg/m3 and the temporal trend of ClPAHs 

in particulate maters (PM) in Shizuoka (Japan); most HPAHs were more abundant in winter than 

in summer.72 Kitazawa et al. and Ohura et al. followed this study and reported similar temporal 

trends. Mean total ClPAHs concentration in Shizuoka fluctuated in various studies from 1992 – 

2020 as shown in Table 1.2.63,73-76 In addition, a study by Ohura et al. in 2008 also suggested that 

the volatile HPAHs were more abundant than HPAHs adsorbed by PM.74 

Air samples from other Japanese cities have also been investigated. In a study by Kakimoto 

et al., total concentrations of 19 ClPAHs (Σ19ClPAHs) were reported for four cities, namely 

Sapporo, Sagamihara, Kanazawa, and Kitakyushu, where they were lower than those in 
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Shizuoka.25 In Nagoya, the mean concentration of Σ24ClPAHs was determined to be 70 – 93 

pg/m3;62 in Tokyo Bay, Σ15ClPAHs of ambient air was determined to be 54 pg/m3.77 The 

Σ23ClPAHs ranges from 17.2 to 204 pg/m3 in summer to 47.3 to 209 pg/m3 in winter of various 

sampling sites in Japan.78  

Ma et al.61 demonstrated that HPAHs are ubiquitous in inhalable fine particulate matter 

(PM) in Shanghai (China) and that concentrations of Σ12ClPAHs are greater than in Japanese cities. 

Kakimoto et al.25 showed that both summer and winter concentrations of HPAHs in Beijing were 

higher than in Japanese and Korean cities; in Shenzhen, the HPAH concentration was comparable 

and even higher than in Beijing.79 Gao et al. determined that traffic-related emissions contribute 

more HPAH than exhaust pipe emission.80 Jin et al. reported HPAHs in Beijing,22,81 and on the 

Tibetan Plateau.82 The air on the Tibetan Plateau was lower in HPAHs than urban areas.49 However, 

Cao et al.83 and Wang et al.84 reported higher HPAHs concentration in different cities in China.  

Kakimoto et al.25, Voung et al.85 and Sei et al.76 have shown that HPAHs concentrations 

in Busan (South Korea), Ulsan (South Korea) and Dhaka (Bangladesh) are similar to those in other 

cities in China and Japan. Jin et al.86and Kawatsu et al.87 also reported similar concentration of 

HPAHs in Czech Republic and India to Cao et al.83 and Wang et al.84. 

In Guangzhou (China), HPAHs in air samples near E-waste recycling sites were higher in 

concentration than that in air samples in urban areas, suggesting the E-waste is a significant source 

of HPAHs.88 HPAHs have been found in secondary copper smelters,26,89,90 waste incinerators,91 

secondary zinc smelters,92 and steelmaking factories93 which suggests that combustion of fossil 

fuels, industrial thermal processes, and waste incinerators can be sources of HPAHs. Xu et al. also 

reported metallurgical plants, like iron ore sinter plants, secondary aluminum smelters, and 
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secondary lead smelters are possible sources for HPAHs.94 Automobile exhaust was also found to 

be another important source of HPAHs into the atmosphere.80,95  

In summary, combustion of fossil material and industrial combustion have played an 

important role in formation of HPAHs. 
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Table 1.2: Mean total concentrations of ClPAHs (ΣClPAH), BrPAHs (ΣBrPAH) and HPAHs (ΣHPAH) in air samples. 

Samplea  Location 
Extraction 

method 

Analytical 

instrumentb 

Concentration (pg m-3) Nc Reference 
ΣClPAH ΣBrPAH ΣHPAH 

Air, PM (A) 
Shizuoka, 

Japan  
Sonication  GC-MS (Q) 31 - - 12+0 

Ohura et al.  

200572 

Air, PM (A) 
Shizuoka, 

Japan 
Sonication  GC-MS (Q) 32 - - 12+0 

Kitazawa, et al.  

200673 

Air, GP (A) Shizuoka, 

Japan 

Soxhlet 

extraction GC-HRMS (B) 
90 - - 

26+0 
Ohura et al.  

200874 
Air, PM (A) Sonication  17 - - 

Air, PM (A) 
Shizuoka, 

Japan 
Sonication  GC-HRMS (B) 15.22 8.57 23.79 15+11 

Ohura et al.  

200963 

Air (A) 
Shizuoka, 

Japan 

Soxhlet 

extraction 
GC-HRMS (B) 

132.66 (winter) - - 
20+0 

Ohura et al.  

201375 32.15 (summer) - - 

Air, PM (A) 

Sapporo, 

Japan 

Sonication GC-HRMS (B) 

1.28 (summer) - - 

19+0 
Kakimoto et al.  

201425 

8.51 (winter) - - 

Sagamihara, 

Japan 

1.54 (summer) - - 

8.43 (winter) - - 

Kanazawa, 

Japan 

0.76 (summer) - - 

3.29 (winter) - - 

Kitakyushu, 

Japan 

1.38 (summer) - - 

14.3 (winter) - - 

Busan, Korea 
1.17 (summer) - - 

14.2 (winter) - - 

Beijing, China 
12.76 (summer) - - 

211.6 (winter) - - 

Air, PM (A) 
Shenzhen, 

China 
N/A GC-MS (Q) 

397 (PM10) - - 
3+6 

Sun et al.  

201579 190 (PM2.5) - - 

Urban air, 

PM Guangzhou, 

China 

Accelerated 

solvent 

extraction 

(ASE) 

GC-MS (Q) 

22 6 28 

16+11 
Chen et al.  

201688 E-waste site 

air, PM 
33 17 50 
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Air, PM (A) Nagoya, Japan N/A GC-MS (Q) 70.29-92.63 - - 24+0 
Ohura et al.  

201662 

Air, whole 

sampling 

time (A) 

Beijing, China ASE GC-HRMS (B) 

166.6 (GP) 5.8 (GP) - 

19+19 Jin et al. 201722 

92.6 (PM) 18.3 (PM) - 

Air, heating 

period (A) 

89.0 (GP) 5.3 (GP) - 

312.4 (PM) 34.7 (PM) - 

Air, non-

heating 

period (A) 

95.8 (GP) 6.3 (GP) - 

33.0 (PM) 3.2 (PM) - 

Air, 

Secondary 

Copper 

Smelters (A) 

China ASE GC-HRMS 5760 – 271000 590 – 52400 - 19+19 Jin et al. 201726 

Ambient air 

(A) 
China ASE GC-HRMS (B) 

7.0 – 219 3.0 – 126 - 

19+19 Xu et al. 201894 
Stack gas 

(A) 

68300 – 

156000 
2900 – 13500 - 

Air, GP (A) Tokyo Bay 

and inland, 

Japan 

Soxhlet 

extraction 
GC-MS (Q) 

40 - - 

18+0 
Ohura et al.  

201877 Air, PM (A) 14 - - 

Air, GP, 

Entrance of 

tunnel (A) 

Tanglang hill 

tunnel, 

Shenzhen, 

China 

Soxhlet 

extraction 
GC-MS (Q) 

1050 670 - 

3+6 Gao et al. 201880 

Air, PM10, 

Entrance of 

tunnel (A) 

27800 320 - 

Air, PM, 

Entrance of 

tunnel (A) 

2850 1820 - 

Air, GP, Exit 

of tunnel (A) 
620 480 - 
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Air, PM10, 

Exit of 

tunnel (A) 

9220 130 - 

Air, PM, 

Exit of 

tunnel (A) 

4950 2090 - 

Air, GP (A) 

Japan 
Soxhlet 

extraction 
GC-MS (Q) 

61.72 (summer) - - 

24+0 
Ohura et al.  

201978 

33.31 (winter) - - 

Air, PM (A) 
27.10 (summer) - - 

64.50 (winter) - - 

Air (A) Ulsan, Korea 
Soxhlet 

extraction 
GC-MS (Q) 207 84 - 24+11 

Vuong et al.  

202085 

Air (P) Tibet, China ASE GC-HRMS (B) 0.78–4.16 0.15–0.59 - 19+19 Jin et al. 202049 

Air, PM (A) 

Beijing, China 

Sonication GC-MS (Q) 

520 - - 

5+0 Cao et al. 202083 

Zhengzhou, 

China 
670 - - 

Xinxiang, 

China 
380 - - 

Air, near 

metallurgical 

plants (A) 

n/a ASE 
GC-HRMS (Q-

TOF) 
818.9 194.9 - 13+17 

Yang et al. 

202096 

Exhaust 

from 

Grilling (A) 

Japan  
Soxhlet 

extraction 
GC-HRMS (B) 19000 - - 20+0 

Masuda et al. 

202097 

Air, e-waste 

dismantling 

workshops 

(A) 

South China 
Soxhlet 

extraction 

GC-MS/MS 

(QqQ) 
32.3–364 8.29–1130 - 15+16 Liu et al. 202098 

Air, GP (P) Ulsan, South 

Korea 

Soxhlet 

extraction 
GC-MS (Q) 

8.64 11.6 - 
24+11 

Vuong et al. 

202099 Air, PM (P) 9.64 1.62 - 

Air, 

Deposition 

(P) 

Košetice, 

Czech 

Republic 

Soxhlet 

extraction, 

GC-MS/MS 

(QqQ) 
580 494 - 20+21 Jin et al. 202186 
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Praha-Libuš, 

Czech 

Republic 

vortex 

shaking 547 449 - 

Air, PM2.5 

(A) 

Shizuoka, 

Japan Soxhlet 

extraction 

GC-MS/MS 

(QqQ) 

33.9 2.95 - 

21+16 Sei et al. 202176 
Dhaka, 

Bangladesh. 
131 42.8 - 

Ambient air 

(A) 
Japan  

Soxhlet 

extraction 

GC-MS/MS 

(QqQ) 

74.0 509 - 

22+21 Sei et al. 2021 95 
Vehicle 

exhaust (A) 
Mongolia 130000 22300 - 

Air, 

secondary 

copper 

smelters (A) 

China 
Soxhlet 

extraction 
GC-HRMS (B) - 16300–599000 - 0+18 Lin et al. 202289 

Air, 

secondary 

copper 

smelters (A) 

China 
Soxhlet 

extraction 
GC-HRMS (B) 

126300–

4147200 
- - 16+0 Lin et al. 202290 

Stack gas, 

secondary 

zinc smelters 

(A) 

Jiangxi, 

Hunan and 

Yunnan, 

China 

n/a GC-HRMS 9388150 164880 - 19+19 
Yang et al. 

202292 

Stack gas, 

electric arc 

furnace for 

steelmaking 

(A) 

n/a 
Soxhlet 

extraction 
GC-HRMS 

25850–

4191000 
1020–341000 - 18+18 

Yang et al. 

202293 

Air, PM2.5 

(A) 

Mumbai, 

India, Urban 

Sonication  GC-MS (O) 

540 250 - 

30+15 
Kawatsu et al. 

202287 
Mumbai, 

India, 

Suburban 

160 20 - 
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Air, GP, 

heating 

period (P) Dongjiakou, 

China 

Soxhlet 

extraction 
GC-MS (Q) 

295 (industrial) 614 (industrial) - 

8+16 
Wang et al. 

202284 

194 (rural) 500 (rural) - 

Air, GP, 

Non-heating 

period (P) 

288 (industrial) 484 (industrial) - 

126 (rural) 301 (rural) - 

a A: Active sampling; P: Passive sampling. 
b GC-MS: gas chromatography–mass spectrometry; GC-HRMS: gas chromatography–high resolution mass spectrometry; GC-MS/MS: gas 

chromatography–tandem mass spectrometry; Q: quadrupole detector; B: magnetic sector detector; O: orbitrap detector; QqQ: triple 

quadrupole detector: Q-TOF: quadrupole time-of-flight detector.  
c N: number of HPAH analytical standard, denoted as number of Cl-PAHs + number of Br-PAHs. 
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Overall, there appears to be a consistent seasonal trend of HPAHs in the environment. Several 

sources of atmospheric HPAHs have been determined, such as combustion, industrial thermal 

processes, waste incinerators. It is hard to draw a conclusive message of geographical differences 

among different cities as there is no standard sample extraction and processing method for HPAHs.  

1.4.1.2 Soil, Dust and Sediments 

There are a few studies examining occurrence of HPAHs in soil as shown in Table 1.3. Ma 

et al. measured Σ20HPAHs concentrations in various types of soils and found a significant 

difference in HPAHs concentrations between contaminated soil (surface soil in e-waste recycling 

facility and near a chemical industrial complex) and reference soil (urban area, rural area and 

agricultural area).43 The concentration of ΣHPAHs in soil collected from Shenzhen was similar to 

that in reference soils (Ma et al.43) while sediment samples from Japan showed a higher 

concentration of ClPAHs100,101 On the Tibetan Plateau, 0.61 – 72.3 pg/g of HPAHs have been 

detected in soil samples, which is lower than in any other soil sample by at least 50-fold.49 Wang 

et al. also reported the concentration of Σ31HPAHs in soil from various industrial parks are slightly 

higher than soil samples from their surroundings.102 
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Table 1.3: Mean total concentrations of ClPAHs (ΣClPAHs), BrPAHs (ΣBrPAHs) and HPAHs (ΣHPAHs) in soil, dust and sediments. 

Sample 

type 
Sample details  Location 

Extraction 

method 

Analytical 

instrumenta 

Concentration (ng/g) 
Nb Reference 

ΣClPAH ΣBrPAH ΣHPAH 

Soil 

E-waste recycling 

facility  

(n = 10) 

China 
Soxhlet 

extraction 
GC-MS (Q) 

26.8 - - 

20+0 
Ma et al.  

200943 

Chemical industrial 

complex  

(n = 12) 

59.1 - - 

Urban area  

(n = 3) 
88.0 - - 

Rural area  

(n = 2) 
NDc - - 

Agricultural area  

(n = 7) 
0.15 - - 

Topsoil  

(n = 181) 

Shenzhen, 

China 

Soxhlet 

extraction 
GC-MS (Q) 0.50 7.67 8.17 3+6 

Ni and Zeng, 

2012100 

Soil after 1997 

Plastimet Inc. Fire 

Hamilton, 

Ontario, 

Canada 

Accelerated 

solvent 

extraction 

(ASE) 

GC × GC-

HR-MS 

(TOF) 

- - 261 800 5+2 
Fernando et 

al. 2014103 

Black ash Soil after 

2013 Rim 

Fire, 

California 

Soxhlet 

extraction 
GC-MS (Q) 

3.63 9.26 - 

3+6 
Chen et al. 

201858 
White ash 1.03 2.66 - 

Non-burned soil 3.58 16.33 - 

Tibetan Plateau 
Tibet, 

China  
ASE GC-HRMS 

0.00311–

0.297 

0.00061–

0.072.3 
- 19+18 

Jin et al. 

202049 

Surface soil 

Multiple 

sites, 

Japan 

Soxhlet 

extraction 

GC-MS/MS 

(QqQ) 
14.4 - - 24+0  

Imaeda et al. 

2021101 

Petrochemical 

industrial park (PIP) 

China 

(Gansu, 

Ultrasonic 

extraction 

GC-MS/MS 

(QqQ) 
3.12 7.45 - 14+17 

Wang et al. 

2022102 
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Brominated flame-

retardant 

manufacturing park 

(BFRP) 

Shandong, 

Guangdon

g) 
1.48 21.6 - 

Electronic waste 

dismantling park 

(EWDP) 

0.26 6.68 - 

Surrounding area of 

the PIP 
3.23 6.27 - 

Surrounding area of 

the BFRP 
0.48 5.60 - 

Surrounding area of 

the EWDP 
2.57 2.99 - 

Dust 

Workshop-floor dust 

(n = 5) 
China 

Soxhlet 

extraction 
GC-MS (Q) 103 - - 20+0 

Ma et al.  

200943 

Fly ash, waste 

incinerators  

(n = 11) South 

Korea 

Soxhlet 

extraction 
GC-MS (Q) 

< 0.06–

6992 

< 0.14–

1235 
- 

20+11 
Horii et al. 

2008 60 Bottom ash, waste 

incinerators  

(n = 11) 

< 0.06–68 
< 0.14–

0.65 
- 

Fly ash  

(n = 4) 
n/a 

Soxhlet 

extraction 

GC-HRMS 

(B) 
67.688 - - 9+0 

Fan et al. 

201740 

Fly ash, municipal 

solid waste 

incineration  

(n = 5) 

China 
Soxhlet 

extraction 

GC-HRMS 

(B) 

851 - - 

9+0 
Fan et al. 

201939 

Fly ash, iron ore 

sintering  

(n = 5) 

61.7 - - 

Fly ash, steel 

smelting  

(n = 5) 

174 - - 
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Office building  

(n = 2) 

China 
Soxhlet 

extraction 

GC-MS/MS 

(QqQ) 

7.91 27.0 - 

16+18 
Tang et al. 

202065 

E-waste dismantling 

workshop  

(n = 5) 

137.0 60.0 - 

Raw materials 

crushing workshop 

(n = 3) 

35.1 399 - 

Secondary copper 

blast furnace 

workshop  

(n = 3) 

53.8 152 - 

Residential area  

(n = 2) 
137 25.7 - 

Indoor dust, 

Japanese residence 
Japan 

Soxhlet 

extraction 

GC-MS/MS 

(QqQ) 
3.450 1.030 - 22+21 

Sei et al. 

2021 95 

Secondary copper 

smelters 
China 

Soxhlet 

extraction 

GC-HRMS 

(B) 
- 5.09–39.3 - 0+18 

Lin et al. 

202289 

Secondary copper 

smelters 
China 

Soxhlet 

extraction 

GC-HRMS 

(B) 

24.7–

1279.0 
- - 16+0 

Lin et al. 

202290 

Electric arc furnace 

for steelmaking 
n/a 

Soxhlet 

extraction 
GC-HRMS 

73.64–

162.0 
3.2–14 - 18+18 

Yang et al. 

202293 

Sediment 

Sediment, 7 

sampling sites 

Ariake 

Bay, Japan 

Ultrasonifica

tion 
GC-HRMS 

0.700–

6.100 
- - 21+0 

Sankoda et 

al. 201324 

Tokyo Bay  

(n = 12) 
Japan 

Soxhlet 

extraction 
GC-MS (Q) 

0.584 - - 

20+0 
Horii, et al. 

2009104 

Saginaw River  

(n = 10) 

US 

1.140 - - 

New Bedford 

Harbor  

(n = 2) 

1.880 - - 
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Former chlor-alkali 

plant  

(n = 3) 

8.820 - - 

Surface sediments 
Shenzhen, 

China 

Soxhlet 

extraction 
GC-MS (Q) 27.6 11.9 - 3+6 

Sun et al. 

2011105  

Yellow sea,  

Asia 
Soxhlet 

extraction 

GC-MS/MS 

(QqQ) 

0.731 0.0327 0.518 

20+11 
Ohura et al. 

2015106 
Negombo 0.761 0.0466 0.618 

Kandy 1.147 0.058 0.410 

Maowei Sea 
Guangxi, 

China 
ASE GC-MS (Q) 3.29 - - 20+0 

Wang et al. 

201750 

Surface sediment, 

Pearl River Estuary 

(n = 27) 

China ASE GC-MS (Q) 13.14 8.00 - 8+9 
Yuan et al. 

2020107 

Sea sediment 
Tokyo 

Bay, Japan 

Soxhlet 

extraction 

GC-MS/MS 

(QqQ) 
1.060 6.570 - 22+21 

Sei et al. 

2021 95 

Surface sediment, 

Chaobai River 

Beijing, 

China Soxhlet 

extraction 

GC-HRMS 

(B) 

0.336 0.038 - 

18+19 
Du et al. 

2022108 Tianjin, 

China 
1.018 0.075 - 

a GC-MS: gas chromatography–mass spectrometry; GC-HRMS: gas chromatography–high resolution mass spectrometry; GC-MS/MS: gas 

chromatography–tandem mass spectrometry; GC × GC-HR-MS: two-dimensional gas chromatography–high resolution mass spectrometry; Q: 

quadrupole detector; B: magnetic sector detector; QqQ: triple quadrupole detector; TOF: time-of-flight detector.  
b N: number of HPAH analytical standard, denoted as number of Cl-PAHs + number of Br-PAHs.  
c ND, no detect. 
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Soil after a wildfire showed a much higher concentration of HPAHs. Fernando et al. 

reported ΣHPAHs in soil from the 1997 Plastimet Inc. Fire in Hamilton, Ontario to be 261.8 μg/g 

as determined by targeted and untargeted analysis.103 A study by Chen et al. seems to disagree 

with Fernando et al.; ClPAHs in soil samples impacted by the 2013 Rim Fire (California) were not 

significantly higher than non-burnt soil. However, the latter only used targeted analysis and 

included a significant fewer number of analytical standards.58  

Sankoda et al. detected HPAHs in the tidal flat sediments from Domen River and the Yabe 

River (Fukuoka Prefecture, Kyushu, Japan) with concentration from 700 to 6100 pg/g.24 HPAHs 

concentrations were lower in sediments from Tokyo Bay comparing to sediment samples from the 

former chlor-alkali plant in 2006 due to the availability of halogens.104 Sun et al. found HPAH 

concentrations in surface sediments in Shenzhen contained the highest concentration of HPAHs 

among all sediment samples.105 Ohura et al. analyzed HPAHs from sediments of various sites, 

namely Yellow sea, Negombo, and Kandy, which were comparable to Tokyo Bay and Ariake 

Bay.106 A few studies have shown the HPAHs concentrations in sediment from the Pearl River 

Estuary are higher than from the Maowei Sea and the Chaobai River,50,107,108 which also agreed 

with findings from Sun et al.105 In addition, concentrations of ClPAHs in sea sediment samples 

from Tokyo Bay were higher than they were in sediment core samples from the Tokyo Bay, while 

the concentrations of BrPAHs were similar to those in sediment from the Pearl River 

Estuary.95,104,107 

Examining indoor dust samples collected from floors of various industries, Ma et al., 

reported a mean concentration of ΣHPAHs of 103 ng/g.43 Concentration of HPAHs in indoor dust 

decreased in the order of raw materials crushing workshop, secondary copper blast furnace 

workshop, e-waste dismantling workshop, residential area and office building in southern China.65 
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HPAHs concentrations in dust samples from industrial areas, such as secondary copper smelters, 

waste incinerators, and electric arc furnaces for steelmaking, have been determined to be much 

more abundant than them from natural environment.39,40,60,89,90,93 The indoor dust from residences 

had significantly lower concentrations of HPAHs compared to industrial-related dust samples.95  

1.4.1.3 Water  

Limited studies have reported the occurrence of HPAHs in water (see Table 1.4)  

Concentrations of 33, 18, 17 ng/L and 44, 21, 23 ng/L for influent, secondary treatment effluent 

and tertiary treatment of wastewater treatment plant (WWTP), respectively, in Beijing were 

reported by Qiao et al. and suggests secondary treatment effectively removes HPAHs.109 In a 

follow up study, Qiao et al. measured HPAHs in effluent water to be 60 ng/L.110 In another study 

in Guangdong, China, HPAHs concentrations ranged from 2 – 3 ng/L in both influent and 

effluent.111 Effluents of WWTP in Beijing also have similar concentration of HPAHs to those in 

Guangdong.112 However, wastewater effluent from Henan contained the highest concentration 

(140.8 ng/L) of HPAHs.113 

Shiraishl et al. reported the detection of ClPAHs in tap water samples with concentrations 

of 0.01 – 0.1 ng/L;114 More recent studies have reported that concentrations of HPAHs are at least 

1 – 2 orders of magnitude higher in tap water, i.e., 1 – 10 ng/L.113,115,116 The disagreement among 

these studies is likely due, in part, to the inclusion of BrPAHs and the commercial availability of 

more HPAH standards compared to the 1980s.  

Yuan et al. determined that concentrations of HPAHs in water samples from the Pearl River 

Estuary (China) were greater compared to effluent receiving river in Guangdong, China.107,111 In 

addition, HPAHs were found to partition to suspended particulate matter greater than the aqueous 
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phase due to hydrophobicity.107 In Chaobai River from 2017 – 2018, 30 ng/L HPAHs were 

detected, which were comparable to levels of HPAH in water samples from the Pearl River Estuary 

and Shaoping Lake.107,113,117  
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Table 1.4: Mean total concentrations of ClPAHs (ΣClPAH), BrPAHs (ΣBrPAH) and HPAHs (ΣHPAH) in water samples. 

Sample type Location 
Extraction 

method 

Analytical 

instrumentationa 

Concentration (ng/L) 
Nb Reference 

ΣClPAHs ΣBrPAHs ΣHPAHs 

Tap water 
Tsukuba, 

Japan 

Liquid-

liquid 

extraction 

GC-MS (B) 0.01–0.1 - - 10 + 0 
Shiraishl et 

al. 1985114 

Tap water 

Henan, 

China 

Solid phase 

extraction 

(SPE) 

GC-MS (Q) 

7.2 - - 

8 + 0 
Wang et al. 

2016113 

Surface water, 

Shaoping Lake 
77.2 - - 

Wastewater, 

industrial plant 
140.8 - - 

Sewage 

treatment plant 

(STP) effluent 

68.9 - - 

Influent, 

wastewater 

treatment plant 

(WWTP) 

Beijing, 

China 
SPE GC-MS (Q) 

33 (Apr) - - 

4 + 0 
Qiao et al. 

2017109 

44 (Nov) - - 

Secondary 

treatment 

effluent, WWTP 

18 (Apr) - - 

21 (Nov) - - 

Tertiary 

treatment 

effluent, WWTP 

17 (Apr) - - 

23 (Nov) - - 

WWTPs effluent 

and rivers, total 

phase (aqueous 

+ particulate) 

Beijing, 

China 
SPE GC-MS (Q) 60 - - 9 + 0 

Qiao et al. 

2018110 

Ecological 

WWTP 

(EWWTP) 

influent 

Guangdong, 

China 
SPE GC-MS (Q) 2–3 - - 9 + 0 

Qiao et al. 

2019111 
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EWWTP 

effluent 
2–2 - - 

Effluent 

receiving river 
2–2 - - 

Tap water 
Beijing, 

China 
SPE GC-MS (Q) - - 2.90–3.04  16 + 10 

Liu et al. 

2019116 

Chaobai River China SPE GC-MS (Q) 30 - - 8 + 0 
Qiao et al. 

2020117 

Water, aqueous 

Pearl River 

Estuary, 

China 

SPE GC-MS (Q) 

- 15.7–45.6 - 

7 + 10 
Yuan et al. 

2020107 

Water, 

suspended 

particulate 

matter 

- - 475.6 

Tap water 
Beijing, 

China 
SPE GC-MS (Q) 2.1 1.84 - 21 + 13 

Liu et al. 

2021115 

Effluents of 

WWTP 

Beijing, 

China 
SPE GC-MS (Q) 1.41 1.81 - 21 + 16 

Liu et al. 

2021112 
a GC-MS: gas chromatography–mass spectrometry; Q: quadrupole detector; B: magnetic sector detector.  
b N: number of HPAH analytical standard, denoted as number of Cl-PAHs + number of Br-PAHs. 
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1.4.2 Biota and Food Matrices 

Biotic matrices are combined with food matrices together as shown in Table 1.5. There are 

only a few reports of HPAHs in botanical samples. Ma et al. determined ΣHPAHs in leaves from 

trees and shrubs from an e-waste recycling facility to be 87.5 ng/g (dry weight, dw), which was 

higher than in most of the biotic matrices, including vegetable samples from Shenzhen. This 

supports the theory that e-waste is a contributing source of HPAHs in the environment.43,59 In the 

rural regions of the Tibetan Plateau, 33.5 – 64.9 pg/g, and 20.5 – 72.5 pg/g were measured in 

lichens and mosses.49  

ΣHPAHs in New Bedford Harbor mussels from 1993 – 1997 were 21 ng/g lipid weight 

(lw),104 which were higher than ΣHPAHs in seafood, fish samples, and raptor eggs from China and 

Europe.51,118-120 Wickrama-Arachchige et al. studied fish samples from the Indian Ocean, which 

contained a higher concentration of HPAHs than fish samples from Japan.121,122 HPAHs were also 

detected in insects, and because of their low biotransformation ability, could be a potential 

bioindicator of persistent organic chemicals, such as PACs.123,124  

Imaeda et al. developed an analytical method to detect ClPAHs in barn swallow feces, 

which could be used as a non-destructive sampling method for biomonitoring.101 Concentrations 

were found to range from 4.7 – 24.3 ng/g. The trophodynamics of HPAHs are also studied by 

Wickrama-Arachchige et al. and Xia et al.52,122 

HPAHs were also detected from multiple food samples. Ding et al. reported concentrations 

of HPAHs in both rice and pork (from China) to be lower than 5 ng/g (dw).59,125 Schörnick et al. 

validated and applied an extraction method for ClPAHs from fat, and fat-free or vegetable matrices, 

in which the concentration of ClPAHs were determined to be relatively similar to that in grilled 
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food.120 95,126 Masuda et al. revealed that ClPAHs can be unintentionally generated by cooking fish, 

and the concentrations of ClPAHs were different between gas-grilled and charcoal-grilled meat 

samples.126 Yan et al. developed an analytical method for determination of PACs from milk 

matrices and detected ClPAHs in infant formula and adult milk powder.127 In addition, Zhao et al. 

detected HPAHs in human serum, and found that they were higher in coal-fired power plant 

workers than people without occupational exposure.128,129 
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Table 1.5: Mean total concentrations of ClPAHs (ΣClPAHs), BrPAHs (ΣBrPAHs) and HPAHs (ΣHPAHs) in biota and food. 

Sample details  Location 
Extraction 

method 

Analytical 

instrumentationa 

Concentration (ng/g) 
Unit  Nb Reference 

ΣClPAHs ΣBrPAHs ΣHPAHs 

Leaves, tree, and 

shrub  

(n = 6) 

China 
Soxhlet 

extraction 
GC-MS (Q) 87.5 - - 

dry 

weight 

(dw) 

20+0 
Ma et al. 

200943 

Blue mussel,  

(n = 4) 

New 

Bedford 

Harbor, 

USA 

n/a n/a 21 - - dw 20+0 
Horii et al. 

2009104 

Rice  

(n = 360) 

18 

provinces, 

China 

Solid-liquid 

extraction 
GC-MS (Q) 1.01 2.09 - dw 3+5 

Ding et al. 

2012125 

Shrimp  

(n = 43, 6 species) 

Guangdong, 

China 

Soxhlet 

extraction 
GC-MS (Q) 

- - 1.58 

wet 

weight 
3+6 

Ni and Gao, 

201351 

Crab  

(n = 29, 2 species) 
- - 1.35 

Shellfish  

(n = 66, 10 species) 
- - 1.39 

Rice  

(n = 40) 

Shenzhen, 

China 

Solid-liquid 

extraction 

GC-MS (Q) 

- - 2.75 

n/a 3+6 
Ding et al. 

201359 

Pork  

(n = 52) 

Liquid-

liquid 

extraction 

- - 4.97 

Vegetable  

(n = 52) 

Soxhlet 

extraction 
- - 0.56 

young nymph  

(n = 20) 
Xuzhou, 

Jiangsu, 

China 

Soxhlet 

extraction 
GC-MS (Q) 

- - 2.44 dw 

3+5 
Sun et al. 

2015124 

old nymph  

(n = 20) 
- - 3.05 dw 

adults  

(n = 20) 
- - 2.54 dw 
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corn flour  

(n = 24) 
- - 1.68 n/a 

wheat bran  

(n = 23) 
- - 1.17 n/a 

American 

cockroaches  

(n = 30) Shenzhen, 

China 

Soxhlet 

extraction 
n/a 

- - 49.6 

dw 3+6 
Wang et al. 

2015123 German 

cockroaches  

(n = 29) 

- - 74.9 

Lake whitefish 

(n = 4) 

Alberta Oil-

Sands 

Region, 

Canada 

ASE GC-HRMS (TOF) 

16.3  - - 

lipid 

weight 

(lw) 

7+9 
Xia et al. 

201952 

Snails  

(n = 3) 
- 281.9 - 

River otter  

(n = 6) 
5.5 - - 

Northern pike  

(n = 4) 
- 39.2 - 

Fish  

(n = 22) 

Liaoning, 

China 
ASE GC-MS (Q) 

0.0059–

0.206 
- - dw 11+0 

Tan et al. 

2019118 

Raw fish skin 

(Pacific saury)  

(n = 2) 

Japan 
Soxhlet 

extraction 
GC-HRMS (B) 

0.021 - - 

n/a 20+0 
Masuda et 

al. 2019126 

Gas-grilled fish 

skin without salt 

(Pacific saury)  

(n = 3) 

0.17 - - 

Gas-grilled fish 

skin with salt 

(Pacific saury)  

(n = 4) 

0.30 - - 

Gas-grilled pork rib 

(n = 1) 
0.084 - - 
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Gas-grilled chicken 

drumstick  

(n = 1) 

0.013 - - 

Gas-grilled beef rib  

(n = 1) 
0.075 - - 

Charcoal-grilled 

fatty pork  

(n = 1) 

< LOQ - - 

Charcoal-grilled 

pork rib  

(n = 1) 

0.018 - - 

Charcoal-grilled 

pork belly  

(n = 1) 

< LOQ - - 

T. albacares (large) 

white muscle  

(n = 3) 

Indian 

Ocean near 

Sri Lanka 

ASE GC-MS (O) 

529 776 - 

lw 30+21 

Wickrama-

Arachchige. 

et al. 2020122 

T. albacares 

(Small) white 

muscle  

(n = 3) 

65.8 45.6 - 

T. albacares (small) 

red muscle  

(n = 3) 

17.6 6.17 - 

K. pelamis (small) 

white muscle 
36.8 9.51 - 

K. pelamis (small) 

red muscle  

(n = 3) 

53.4 40.1 - 

A. thazard (white & 

red muscle mixed) 

(n = 1) 

34.1 4.73 - 
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Lichen 

Tibet, China ASE GC-HRMS (B) 

0.260–

0.741 

0.0335–

0.0649 
- 

n/a 19+19 
Jin et al. 

202049 
Moss 

0.338–

0.934 

0.0205–

0.0725 
- 

Milk  

(n = 43) 

China Sonication 
GC-MS/MS 

(QqQ) 

Nqc - - 

n/a 2+0 
Yan et al. 

2021127 

Infant formula  

(n = 31) 
nq-3.63 - - 

Adult milk powder  

(n = 8) 
0.23 - - 

Mussels 

Irish Sea, 

UK 

ASE GC-HRMS (B) 

3.164 - - lw 

8+0 
Schörnick et 

al. 2021120 

Perth, UK 0.492 - - lw 

Gun powder green 

Tea 
China 0.396 - - n/a 

Jasmine tea Thailand 0.579 - - n/a 

Rice Thailand 
0.0018–

0.009 
- - n/a 

Pork belly n/a 0.0538 - - lw 

Pork belly–

marinated 
n/a 0.848 - - lw 

Marinated pork 

comb 
n/a 0.0677 - - lw 

Eels (Anguilla 

anguilla) 

Berlin, 

Germany 

0.016-

0.026 
- - lw 

Peregrine falcon 

egg 
Germany 0.0565 - - lw 

Eagle owl egg Germany 0.0368 - - lw 

Osprey egg Germany 0.0305 - - lw 

Barn swallow feces 
Mutiple 

sites, Japan 

Soxhlet 

extraction 

GC-MS/MS 

(QqQ) 
14.6 - - n/a 24+0  

Imaeda et al. 

2021101 

Grilled chicken Japan 
Soxhlet 

extraction 

GC-MS/MS 

(QqQ) 
0.647 0.0493 - n/a 22+21 

Sei et al. 

202195 
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Fish and shellfish, 

offshore pelagic 

species  

(n = 19) 

Sri Lanka 

ASE GC-MS (O) 

2.58–27.1 0.30–9.53 - dw 

30+21 

Wickrama-

Arachchige. 

et al. 2021121 

Fish and shellfish, 

coastal and 

estuarine species  

(n = 11) 

Sri Lanka 3.87–56.5 0.44–8.51 - dw 

Fish and shellfish, 

marine species  

(n = 10) 

Japan 0.28–34.3 0.35–18.3 - dw 

Human blood, 

female  

(n = 8) 
Shandong, 

China 

Sonication, 

SPE 

GC-MS/MS 

(QqQ) 

- - 23 lw 

9+14 
Zhao et al. 

2022129 
Human blood, male  

(n = 8) 
- - 21 lw 

Human blood, 

female, exposure to 

coal-fired power  

(n = 32) 

 Shandong, 

China 

Sonication, 

SPE 

GC-MS/MS 

(QqQ) 

- - 40.9 lw 

9+14 
Zhao et al. 

2022128 

Human blood, 

male, exposure to 

coal-fired power  

(n = 125) 

- - 42.1 lw 

Human blood, 

female, control  

(n = 7) 

- - 19.1 lw 

Human blood, 

male, control  

(n = 8) 

- - 27.0 lw 

Shredded squid  

(n = 16) 

Multiple sea 

areas, China 

Sonication, 

QuEChERS 

GC-MS/MS 

(QqQ) 
- - 5.09 n/a 11+7 

Li et al. 

2022119 
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Cod fillet  

(n = 16) 
- - 0.62 n/a 

a GC-MS: gas chromatography–mass spectrometry; GC-HRMS: gas chromatography–high resolution mass spectrometry; GC-MS/MS: gas 

chromatography–tandem mass spectrometry; Q: quadrupole detector; B: magnetic sector detector; O: orbitrap detector; QqQ: triple 

quadrupole detector; TOF: time-of-flight detector.  
b N: number of HPAH analytical standard, denoted as number of Cl-PAHs + number of Br-PAHs.  
c nq: not quantified. 
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1.4.3 Analytical Methods and Instrumentation 

It is not uncommon for there to be multiple analytical steps for the determination of 

persistent organic pollutants in environmental samples. Traditional extraction methods, e.g., 

Soxhlet extraction, ultrasonic extraction, and solid phase extraction, have all been widely applied 

to various matrices for HPAHs. Accelerated solvent extraction has received more attention in 

recent decades. 

There are no unified methods for the analysis of HPAHs in air samples. Both active and 

passive sampler have been employed (see Table 1.2); however, details such as flow rate for active 

sampling are often missing. In addition, there is a lack of authentic commercially available HPAHs 

standards (see Table 1.2, Table 1.3, Table 1.4, and Table 1.5). Not only the total number of HPAHs 

standards are difference in each study, different congeners for HPAHs have also been selected to 

serve as standards. Taken together, this makes comparisons of HPAHs in air samples difficult to 

compare amongst studies.  

Likewise, there is a variety of analytical instrumentation used for the detection and 

quantitation of HPAHs. Gas chromatography (GC) coupled to a variety of mass spectrometer types 

is the most common analytical instrumentation used for PAC analysis. Due to the presence of 

halogen atom(s), negative chemical ionization has been used to characterize HPAHs as well.70,71,130 

However, other instrumentation has been used for HPAH detection, for example normal phase 

high performance liquid chromatography (HPLC),131, and reverse phase HPLC coupled with 

ultraviolet absorption spectroscopy and APCI-MS (atmospheric-pressure chemical ionization, 

APCI).53,132-134 
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1.5 Toxicity, Mutagenicity and Carcinogenicity of HPAHs 

The mutagenicity of HPAHs on Salmonella typhimurium TA98 and TA100 has was studied 

back in the 1980s.45 Chlorinated pyrenes have shown mutagenicity with and without the presence 

of S9 activation enzyme system, which is related to the substitution position for halogen atoms.45 

Löfroth et al. studied S9-depended mutagenicity for 8 monochlorinated PAHs, and have shown 

the mutagenicity of HPAHs is structure dependent.135 Bhatia et al. have concluded that there is no 

toxic effect but strong mutagenic effect for Cln-Flu, Cln-Pyr, and Cln-Chr, including frameshift 

mutation and base pair alterations.136 In addition, Cln-BaA, e.g., 7-Cl-BaA, was found to be 

mutagenic on Salmonella typhimurium TA100 with S9 mix, but chlorinated BaA was determined 

to be less potent than the parent PAH, BaA.137  

The embrylethality of chlorinated chrysenes in chicken embryos has been investigated by 

Gustafsson et al., as well as EROD (ethoxyresorufin O-deethylase) and AHH (aryl hydrocarbon 

hydroxylase) induction and showed that this group of HPAHs can cause anomalies, including 

edema and beak defects.138  

Ohura et al. studied the aryl hydrocarbon receptor (AhR)-mediated activities of ClPAHs 

by yeast assay (Saccharomyces cerevisiae YCM3) and found that AhR-mediated activities of 

ClPAHs are positively related with the size of the PAH skeleton. The AhR activities and 

cytochrome P450 1A1 expression seem to increase with number of chlorine atoms for lower 

molecular weight ClPAHs (3 – 4 ring ClPAHs), whereas they tend to decrease with number of 

chlorine atoms for higher molecular weight ClPAHs (> 4 ring ClPAHs), which can be related to 

the spatial dimension of ClPAHs.44 Horii et al. also investigated in vitro AhR activities of HPAHs 

by using a recombinant rat hepatoma cell (H4IIE-luc) assay. A similar relationship to Ohura et al. 
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of potency and chlorination degree was concluded, and BrPAHs were found to be more potent 

than ClPAHs with the same PAH skeleton.139  

Pinto et al. investigated the cytotoxicity and genotoxicity of Cl-PAHs, namely 6-Cl-BaP, 

1,3-Cl2-Flu, and 3-Cl-Flu in a human-derived hepatoma (HepG2) cell line using the neutral red 

(NR) uptake and comet assays, respectively. 6-Cl-BaP has more potent genotoxicity but 1,3-Cl2-

Flu, and 3-Cl-Flu did not show significant genotoxicity (with survival of 60 – 80% of cells).55 

Additionally, Ohura et al. found that ClPAHs can enhance cytochrome P (CYP) 1A1 and 

1B1 activities in human breast cancer MCF-7 cells compared to parent PAHs, especially Cl-Phe. 

6-Cl-BaP showed the greatest capacity of inducing the expression of CYP1B1 but not CYP1A1, 

with the presence of 17β-estradiol. 6-Cl-BaP can also induce the expression of estrogen response 

elements-regulated green fluorescent protein (GFP) and estrogen receptor (ER)-responsive 

genes.140  

Kakimoto et al. investigated the effect of human cytochrome P450 enzymes on 1-Cl-Pyr 

and its oxidative metabolites, which are detected in human urine matrix and can be a possible 

biomarker for estimating human exposure to ClPAHs. CYP P450 1A1 enzyme was determined to 

be the most efficient enzyme to metabolize 1-Cl-Pyr; 1-Cl-Pyr and its metabolites have agonist 

activity for the human AhR.141 

Huang et al. conducted two in vitro assays for HPAHs, namely EROD assay in rat 

hepatoma (H4IIE) cells and the SOS/umu test (S. typhimurium TA1535/pSK1002). ClPAHs 

enhanced the AhR activities in EROD assay and some have shown the DNA-damaging effects in 

the SOS/umu test with the addition of S9 mix.142 
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Luo et al. studied 1-Cl-Pyr potential to induce metabolic perturbation to L02 cells. The 

most significantly perturbed pathway was glycerophospholipid metabolism after exposure to 1-

Cl-Pyr, indicating its potential damage to the cell membrane. Other energy production-related 

pathways were also affected, such as oxidative phosphorylation (OXPHOS), glycolysis, and fatty 

acid β oxidation.143 6-Cl-BaP can also cause stronger toxicity to human hepatic cells, a stronger 

metabolomic perturbation, a stronger oxidative stress, a stronger inhibition effect, wider 

perturbations to metabolic pathways, a stronger inhibition effect on mitochondrial β oxidation of 

fatty acid and weaker transcriptomic perturbation compared to BaP. Finally, 6-Cl-BaP produced a 

stronger inhibition on the activities of complexes I and V, while BaP suppressed the expression of 

20 genes regulating mitochondrial ETC mainly via AhR activation.144 

In vivo toxicology studies have also been conducted for HPAHs. Sakakibara et al. found 

that concentrations of 7-Cl-BaA in F334 rats’ organs with 14-day oral administration of 7-Cl-BaA 

and BaA (e.g., liver, kidney, duodenum, heart, and lung) were higher than those of BaA, and 

regulated some CYP genes in organs, especially the heart.145 Su et al. investigated embryo- and 

cardiotoxicity of 3-Br-Flu in zebrafish and found that 3-Br-Flu exhibits cytotoxicity through 

apoptosis and necrosis in vascular endothelial cells, SVEC4-10 cells.146 2-Br-methyl Nap have 

been tested for acute and developmental effects on zebrafish (Danio rerio) embryos. Moderate 

acute toxicity and strong developmental effects were observed. In addition, 2-bromomethyl Nap 

also induced abnormal phenotypes, including pericardial edema, spine curvature, and shortened 

body length moderate lethal effects.147 

M. Putz and A. Putz reviewed the in silico toxicological and/or biological study of ClPAHs 

based on their quantitative structure–activity relationship (QSAR) and basic chemical principles. 

The structural information of HPAHs has been combined with chemical reactivity principles, such 
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as electronegativity and hardness, and to generate the logistic framework of ligand-receptor 

interaction (Michaelis–Menten enzyme kinetics) and predict the toxicity of HPAHs.148 

 

1.6 Scope of my Research 

My research is aimed to individually detect, separate and accurately quantify HPAHs and 

other PACs in environmental samples using GC-MS/MS and comprehensive two-dimensional GC 

high resolution time of flight mass spectrometry (GCxGC-HRToFMS). 

 

1.7 Hypotheses 

The hypotheses tested in this thesis are as follows: 

Chapter 3: HPAHs are present in biological samples from the AOSR. 

Chapter 4: An in situ non-layered ASE approach with judicious selection of extraction 

solvent(s) would enable exhaustive extraction of a broad suite of PACs. 

Chapter 5: PACs can be efficiently extracted from avian eggs using microbead beating 

tissue homogenization with concomitant solvent extraction. 

Chapter 6: PACs in environmental media can be accurately and precisely quantified by 

different mathematical approaches. 

Chapter 7: The alkylation effects of the in vivo toxicity of BaA in early life stages of the 

zebrafish can be characterized.  
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1.8 Aim and Objectives 

The overarching aim of my thesis is to accurately identify and quantify HPAHs and other 

PACs in various environmental matrices. My work will contribute to identification and separation 

of these compounds and enable toxicology studies on newly identified PACs. 

 

1.9 Thesis Structure 

My thesis is divided into eight (8) chapters.   

Chapter 1 provides an overview of the properties, occurrence, and toxicity of analytes of 

interest, HPAHs, and the hypothesis, scope, aim and objectives of the thesis. Chapter 2 includes 

a brief description of the methodology for sample processing and instrumental analysis of analytes 

of interest. This chapter serves as an introduction to the background study of the extraction method 

and gas chromatography mass spectrometric analysis in the following chapters. Chapter 3 

presents the detection of the presence of a novel class of PACs, HPAHs, in Canadian environment 

from biota samples. Chapter 4 presents the validation of two sample clean-up methods, namely 

one-step extraction and dispersive solid phase extraction (dSPE). Chapter 5 describes the 

validation of sample extraction method, microbead extraction of PACs in avian egg matrix. 

Chapter 6 focusses on data analysis and quantification of PACs. Chapter 7 shows the toxicity 

research of PACs. Chapter 8 gives an overall conclusion of the study. Suggestions and 

recommendations for future research in relation to the application of this work are also mentioned. 
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Chapter 2: Methodology 

2.1 Sample Preparation 

Sample preparation is a process whereby a substance or compounds of interest (analytes) are 

separated and isolated from other complex components of the sample (matrix). Sample preparation 

can increase the selectivity of method and sensitivity of the assay by removal of interferents and 

enrichment of analytes; it can also convert the analyte into a more suitable form for detection and 

separation when necessary. Finally, it may provide a matrix-independent method that is rugged 

and reproducible.1 

Extraction is one of the most common sample preparation methods, in which analytes are 

separated from the sample matrix and partitioned to the extracting solvent. Ideally, the solvent of 

choice is selective to dissolve the analytes but not interferents. Solvents can be organic liquids, 

supercritical liquids, or liquids bonded to a support material. The selectivity of extraction can be 

altered and achieved by optimizing multiple factors, such as solvent, pH, temperature, and 

pressure.1 

Liquid-liquid extraction (LLE) and solid-liquid extraction (SLE) are commonly used in 

analytical and environmental chemistry. Liquid-liquid extraction often involves two immiscible 

liquids, usually an aqueous liquid and an organic solvent. However, typically large volumes of 

solvent and multiple extraction steps are needed to achieve exhaustive extractions, which leads to 

dilution of analytes and consequently extra solvent evaporation step and clean-up steps. The nature 

of conventional LLE makes it become both time-consuming and labor-intensive.1,2 

When samples are not readily able to dissolve directly in solvents and chemical digestion 
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cannot be employed, it is not uncommon that SLE is used for sample preparation. In order to 

exhaustively extract hydrophobic organic analytes, Soxhlet extraction was developed in 1879, in 

which large volumes of solvents are refluxing boiled and recycled through the sample for long 

periods of time.3  

 

2.2 Accelerated Solvent Extraction (ASE) 

Accelerated solvent extraction (ASE) is a novel extraction method, which is accepted by the 

US EPA for extraction of solid matrices.4 Unlike conventional SLE and Soxhlet extraction, ASE, 

also known as pressurized liquid extraction (PLE), employs a closed system and stainless-steel 

extraction cells, which allows the use of organic solvents at high temperatures typically greater 

than their boiling points.1 It was first reported and introduced by Ezzell et al. and Ritcher et al.5,6  

A schematic of an ASE system is shown in Figure 2.1. During the extraction, solvent is 

pumped into heated extraction cells filled with solid or semisolid sample (50 – 200 °C) under high 

pressure (500 – 3000 psi) for a prescribed period. Extracts are delivered to a collection vial for 

further clean-up or analysis. Advantages of ASE relative to convention extraction techniques are: 

i) semi-automation, ii) enhanced extraction efficiency and, iii) reduced volume of extracting 

solvent.  

The elevated temperature can increase the solubility and diffusion rates of thermally stable 

analyte in solvents;7-9 it can also enhance the disruption of interactions between analytes and 

sample matrix, and decrease the viscosity of solvents.7,10 Temperatures above boiling points of 

solvents can be employed under high pressure conditions; high pressure can ensure faster contact 

of solvents and analytes.6  
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Figure 2.1: Schematic of accelerated solvent extraction (ASE).6 

Reprinted with permission from Richter, B. E.; Jones, B. A.; Ezzell, J. L.; Porter, N. L.; Avdalovic, N.; Pohl, C. 

Accelerated solvent extraction: A technique for sample preparation. Analytical chemistry 1996, 68 (6), 1033-1039. 

Copyright ©1996 American Chemical Society. 

 

Analysis of soil, sediments, biota samples and other solid matrices for PAHs requires the 

extraction of analytes from matrix. The development of ASE extraction methods for PAHs can be 

traced back to the 1990s.6,11  

For my study, there are two ASE methods used for extraction. The difference between the two 

ASE methods is shown in Figure 2.2. Biota samples (ca. 5.0 g, wet weight) are extracted as in the 

traditional ASE method with no addition of copper powder, 5% deactivated alumina, and silica gel. 

For soil or sediment samples (ca. 0.5 – 2.0 g), a one-step ASE method that I designed is employed.  

In an ASE cell for the one-step ASE method, a glass fiber filter is first placed at the bottom of 

the 34 mL ASE cell. A mixture of 1 g copper, 4.5 g 5% deactivated alumina, and 5 g silica gel is 

placed into the cell. Samples are weighed, mixed with diatomaceous earth (DE) dispersant (1.5 g), 

and added to the ASE cells. The samples are then spiked with a recovery internal standard (RIS, 

account for the loss of analyte during sample preparation). Finally, Ottawa sand is used to fill the 
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dead volume of the cell to approximately 0.5 cm below the top of the cell.  

The ASE extraction conditions used are as follows: system pressure 1500 psi, oven 

temperature 120 °C with a heat up time of 6 min., static time of 15 min. with 1 static cycle, 

dichloromethane (DCM) as the extraction solvent, 60% flush volume and a nitrogen purge for 80 

seconds at 150 psi. After extraction, the extract was treated with sodium sulphate to remove 

moisture, and subsequently transferred to a 250 mL flat bottom flask. 

 

Figure 2.2: ASE cell filled with sample for traditional (middle) and one-step ASE method (right). 

In soil and sediments, elemental sulfur, usually in octahedral sulfur form (S8), are usually 

found.12 Retention parameters of S8 are similar to PAHs and polychlorinated biphenyls (PCBs), 

which could be co-extracted in solvent extraction.13-15 However, sulfur can interrupt and impact 

the chromatographic quality of analysis by masking chromatographic peaks of PACs.16 Various 

methods have been applied to remove sulfur, such as sodium sulfite,17,18 mercury,17 copper powder 

or granules,19-21 silver ions,17 gel permeation chromatography,17 saponification (with ethanolic 
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potassium hydroxide).17  

For my study, activated copper powder was employed to remove sulfur in my one-step ASE 

method. The chemical equation of desulfurization is shown in Equation 2.1. The activated copper 

powder is first prepared by adding 5% nitric acid (v/v) to copper powder (ca. 5 – 10 g) in a flat 

bottom flask (FBF) with a glass stopper. The FBF is then swirled thoroughly and occasionally for 

about 30 minutes. Then, the mixture is allowed to settle, and the 5% nitric acid is decanted. Copper 

powder is rinsed thoroughly with water (three times). Copper is then rinsed with acetone (three 

times), and dried by rotary evaporation and stored in a vial with screw cap before use in one-step 

ASE method.  

 𝐶𝑢 + 𝑆 → 𝐶𝑢𝑆 Equation 2.1 

 

2.3 Microbead Beating Extraction  

Currently for extraction of PACs from avian eggs, common approaches, for instance 

traditional liquid-liquid extraction (LLE), Soxhlet extraction methods22-24 and the QuEChERS 

method,25 are employed. 

Microbead beating tissue homogenization has been used extensively in biomedical research 

to lysis or grind soft and hard biological material, such as brain,26 tumor,27 and skin tissue.28 

Sample tubes that are packed with microbeads (ceramic or stainless steel) and tissue material to be 

homogenized are agitated in 3-dimensions. Thus, fluidic homogenates are formed by 

multidirectional forceful motion for additional processing workflows. 

In my study, five (5.0 ± 0.01) g of the in-house egg reference material is weighed into 15 mL 

high-density polypropylene microbead extraction tubes (MBETs, Bertin Technologies, Montingy-
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le-Bretonneux, France) contained 2.5 g of ceramic microbeads. Eight (8) mL of dichloromethane 

(DCM) were then added to the MBETs. Samples are then extracted using a Precellys Evolution 

Homogenizer (Bertin Technologies, Montigny-le-Bretonneux, France) at 6500 rpm with 3 cycles 

for 20 s and 120 s between the cycles (total time of 5 min). The MBETs are then centrifuged at 

5000 revolutions per minute (rpm) at 10°C for 10 min. The extract (bottom layer) is transferred to 

a 60 mL glass collection vial. The MBETs are then rinsed with 2 × 8 mL DCM, vortexed for 1 min 

and centrifuged again at 5000 rpm at 10 °C for 10 min. The rinses are combined with the initial 

extract. After extraction, the extract is treated with sodium sulphate to remove moisture, and 

subsequently transferred to a 60 mL glass collection vial with 3 washes of hexane (~2 mL each). 

The sample volume is then reduced to approximately 10 mL using a gentle stream of ultra-high 

purity (UHP) nitrogen. 500 μL of extracts are transferred to pre-weighed aluminium boats for lipid 

determination. Extracts (9.5 mL) are then reduced to 2.5 mL and transferred to a test tube. The 

glass tube is rinsed with 2 × 1 mL DCM, and rinses are then combined with the extract. The volume 

of extract is then adjusted to 5 mL using DCM. 

 

2.4 Gel Permeation Chromatography (GPC)  

Gel permeation chromatography (GPC), also known as size exclusion chromatography, 

contains a stationary phase (porous particles or beads) and a mobile phase (solvent). As shown in 

Figure 2.3, molecules are separated based on the molecular size and molecular hydrodynamic 

volume; bigger molecules (marked in red) are excluded by smaller sized pores and eluted faster, 

while smaller molecules (marked in blue) can pass through pores and are eluted slower due to the 

longer distance traveled.29,30 
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Figure 2.3: Schematic diagram of the separation principle of gel permeation chromatography 

(GPC) test.29 

Reprinted with permission from Ma, J.; Sun, G.; Sun, D.; Yu, F.; Hu, M.; Lu, T. Application of gel permeation 

chromatography technology in asphalt materials: A review. Construction and Building Materials 2021, 278, 122386. 

Copyright ©2021 B.V. Elsevier. 

 

In the analyses of PACs, GPC is widely used to remove co-extracted biogenic molecules and 

other sample matrices, such as lipids, fats, and pigments, which can interfere or mask GC/MS 

analyses of biological tissues for organic contaminants.31-34  

In my study, extracts of biological samples (5 mL) are applied to the head of a GPC column 

(J2-scientific AccuPrepMPSTM, Columbia, MO, USA) packed with 60 g of S-X3 Biobeads to 

remove excess lipids and protein. The following parameters are employed by the fully-automated 

system; injection volume: 5 mL; pressure: 8 psi; flow rate: 5 mL/min; mobile phase: hexane:DCM 

(1:1, v/v). The first 120 mL of effluent contained lipids and other biogenic material is discarded. 
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The fraction containing analytes eluted from 125 – 250 mL and is collected in a 250 mL round 

bottom flask; the extract is then reduced in volume to 200 µL via Genevac Rocket Evaporator 

(Ipswich, Suffolk, UK) and nitrogen evaporation. An instrument performance internal standard 

(IPIS, d10-anthracene, account for the instrument fluctuation and small difference in the volume of 

final extract) is then added to the sample. Amber GC vials are used to store the samples under 

refrigeration at 4 °C until they are analyzed. 

 

2.5 Dispersive Solid Phase Extraction (dSPE) 

Dispersive solid phase extraction (dSPE) was first reported by Anastassiades et al. as a clean-

up method for pesticide extraction of food samples.35 As an iteration of SPE, sorbent material 

(stationary phase) in dSPE is dispersed directly into extracts or sample matrix. In dSPE, faster 

mass transfer can be achieved due to closed contact between sorbent and analytes, which allows 

an increase in the contact surface area and thus quickens the establishment of extraction 

equilibrium.36,37 In addition, the dSPE approach, also known as QuEChERS (quick, easy, cheap, 

effective, rugged and safe), has been commercially successful as it can be sold in ready-to-use 

containers, such as centrifuge tubes. To remove the matrix from the liquid phase, it is important to 

add a low amount of solid into the liquid phase. The retention of analytes in the liquid phase after 

clean-up leads to an improvement in the selectively of the method.38  

For the determination of PACs, USEPA issued an official dSPE based method for water and 

sediment.39,40 Development of various sorbent materials for dSPE method of PACs have been 

widely reported, for example carbon nanotubes,41 graphene and derivatives,42-44, metal-organic 

frameworks,45-49, polymer materials,50-53 ionic liquids,54-57 silica-based sorbents,58-63 and 
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miscellaneous materials.64-75 Dispersive SPE has also been employed to extract PACs from other 

matrices, such as water,41-43 leaves,76 fish embryos,77 seafood,78 and Chinese herbal medicines.79  

For my study, the 1 mL extracts of biological samples are transferred to a 125 mL round bottom 

flask with successive washes of 70:30% (DCM: hexane, 2 x 10 mL each) containing silica gel (4 

g), 0.5 g sodium sulfate, and 5% deactivated alumina (1 g). The flasks are allowed to sit for 30 min 

with periodic swirling every 10 min. Extracts are then transferred to a 60 mL ASE tube, reduced 

to 200 μL by Genevac under nitrogen, fortified with the IPIS (100 pg μL-1) and stored at 4 ºC in 

amber vials. 

 

2.6 Silica Gel / Alumina Chromatography 

It is widely acknowledged that adsorption column chromatography can be used to separate 

complex mixtures, such as petroleum and bitumen samples, into fractions, which contain various 

class of compounds.80-82 The US EPA has adopted adsorption chromatography for the cleanup of 

environmental samples for the separation and detection of PAHs in their standard methods.83-85 

Adsorption column chromatography has also been employed for fractionating PACs in multiple 

environmental matrices, such as, dust,86 soil and sediment,87-89 water and wastewater,88,90 biota and 

food,91-94 oils and tars.95,96    

Polar micro-powdered synthetic absorbents, for example silica gel and alumina, are usually 

employed as the stationary phase for adsorption column chromatography, as they have a nano-

porous structure made of silicon dioxide and aluminum oxide.97 

Because both silica gel and alumina are polar, the polar components of sample extracts can be 

retained and separated by the stationary phase. Besides, there is a subtle difference between silica 
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gel and alumina; silica gel is weakly acidic and thus silica preferentially retains basic compounds; 

alumina is slightly basic and retains acidic components.98,99  

Various solvents and their mixtures with different polarity can be used as the mobile phase in 

adsorption column chromatography, for example, cyclohexane, hexane, toluene, methanol and, 

DCM.80-84 For PACs, solvent mixtures such as DCM and hexane, can be used to elute the aromatic 

fraction of an extract off the column.100  

The choice of stationary phase has been investigated for PACs. In general, alumina is less 

popular than silica gel in adsorption column chromatography due in part to the fact that alumina 

column chromatography is less reproducible and can decompose sensitive compounds.97,101 In 

1965, Sawicki et al. reported using alumina column chromatography to fractionate heterocyclic 

PACs, specifically nitrogen containing PACs, from air particulate matter.102 It is not uncommon 

that alumina is pretreated prior to use, for example low-temperature heating, which can dehydrate 

aluminum hydroxide (a mixture of γ-alumina and alumina monohydrate). Freshly prepared γ-

alumina is very active but tends to be affected and deactivated by adsorbing moisture.101,102 Rosen 

and Middleton developed an adsorption column chromatography with silica gel to separate 

aliphatic, aromatic and polar fractions from petroleum refinery wastes by isooctane, benzene, and 

mixture of chloroform and methanol (1:1, v/v).90  

Better selectivity and reproducibility can be achieved by activated silica gel as shown in 

comparative studies. The presented silanol groups (Si–O–H) on the surface of silica gel can interact 

with water molecules to form a hydration film around silica particles, which can affect and 

suppress the interaction of silica surface and PAC molecules.97  

For my study, silica gel (ca. 11 g) is made into a slurry with about 20 mL of DCM, which is 

then transferred to a Supelco® chromatographic plugged column (300 mm × 10 mm) containing 
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DCM. After the silica gel settled in the column, 5 % deactivated alumina (ca. 1 g) is added to the 

column followed by sodium sulfate (ca. 0.5 g). Then, DCM is drained to the head of the column 

bed and 25 mL of hexane is added for solvent exchange. The extract (1 mL) off the GPC column 

is then added to the head of the column bed and first eluted with 25 mL of hexane, containing the 

aliphatic fraction which is discarded for my study. Then, the fraction containing PACs, which is 

eluted with 25 mL of DCM:hexane (50:50, v/v), is collected and evaporated to a final volume of 5 

mL. The instrument performance internal standard (IPIS) is then spiked into the final extract prior 

to analysis on the gas chromatograph. 

 

2.7 Gas Chromatography (GC)  

Invented in 1952, GC was first reported by James and Martin for the separation of volatile 

fatty acids, with a stationary phase using silicone-stearic acid supported on diatomaceous earth 

and a mobile phase of nitrogen gas.103 However, the concept of GC was introduced by Martin and 

Synge in 1941, in which they proposed that using a vapour as mobile phase should allow the 

separation of volatile substances.104 Since then, GC has become one of the most important and 

most applied analytical techniques and has played an essential role in modern chemistry. 

In GC, sample extracts are injected through an injection port, in which analytes are volatilized 

to gaseous state by high temperature. The mobile phase, usually an inert gas such as helium, argon, 

or nitrogen, is constantly fed to the GC, where analytes are separated by partitioning between the 

mobile- and stationary phases. The stationary phase can be a microscopic layer of liquid on inert 

solid support held in a capillary column. Depended on the properties of analytes, GC ovens can be 

run isothermally or with a ramped program; the former can be used in separation of analytes with 
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similar retention time, while the ramped temperature program allows for reduced analysis times.105 

At the end of the column, analytes enter the detector through a heated transfer-line. Multiple 

detectors can be used for detection, such as electron capture detector (ECD),106-108 flame ionization 

detector (FID),109-111 nitrogen phosphorus detector (NPD),112-114 thermal conductivity detector 

(TCD),115,116 flame photometric detector (FPD),117,118 photoionization detector (PID),119-121 and 

mass spectrometer (MS).32,122,123 Because MS is used as the detector in my study, it will be 

discussed in detail in section 2.9.  

The separation of analytes is determined by their p-chem properties (e.g., boiling point, 

polarity, vapor pressure), the polarity of the stationary phase, column temperature, carrier gas flow 

rate and column length. The retention of analytes is also affected by these factors; analytes, which 

have more similar polarity to that of the stationary phase, are partitioned longer in the stationary 

phase and eluted later. Of all the parameters, it is boiling point of analytes that governs retention 

and elution; electron-rich functional groups and shape of analytes (e.g., chirality) can also affect 

the partitioning by selective interactions.124 

Helium is the most popular carrier gas because it is safe, inert and can reach the desired 

purity.125 Hydrogen can also provide similar chromatography performance with shorter time as it 

offers higher optimum linear velocity for GC.125,126 Considering the decreased availability and 

high cost of helium, hydrogen has been studied as a replacement of helium as the carrier gas.127,128 

Gas chromatography has been widely employed in analyses of separation for complex 

mixtures, such as plant extracts,129 essential oil,130 tobacco smoke,131 blood,132, and petroleum.130-

132 Gas chromatography has also been extensively applied in the determination and quantification 

of PACs from various matrices, for instance biota,133,134 air,135-138 water,88,139-141 foods,142-144 soil 

and sediment.87,88,145  
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For the analysis of PACs in my study, an Agilent 7890B gas chromatograph (Agilent 

Technologies, Wilmington, DE, USA) is used. Analytes of interests are injected on an Agilent 

J&W DB-5ms Ultra Inert column of 30 m length, 0.25 mm internal diameter and 0.25 μm film 

thickness. Helium is used as the carrier gas at a constant flow rate of 1.2 mL/min. The injection 

volume of sample extract used is 1 μL via a PAL RSI 85 auto sampler in splitless mode at 250 ºC. 

The GC oven temperature is held at 60 °C for 1 min then raised to 210°C at 35 °C/min, further 

ramped up to 260 °C at 2 °C/min, 300 °C at 10 °C/min and held for 5 min, and finally to 325 °C 

at 50 °C/min and held for 5.5 min. Both transfer line and source temperature are set at 320 °C and 

UHP nitrogen is used as the collision gas at 60 psi. 

 

2.8 Two-dimensional Gas Chromatography (2D GC / GC × GC)  

Two-dimensional gas chromatography (2D GC) was first proposed by Giddings in 1984.146 In 

brief, the best result of 2D separation can be obtained by two independent separation mechanisms. 

For example, in two-dimensional thin layer chromatography (2D TLC), analytes are first separated 

in one direction with one solvent and then separated by another solvent in another direction that is 

perpendicular to the primary direction.147 In order to perform 2D GC, the separation mechanism 

of two columns must be different to be qualified as perpendicular.148,149 

The resolution of 2D separation (R2D) is shown in Equation 2.2, where R1 and R2 are 

resolutions of primary and secondary dimensions.146 For GC, the resolution (R) can be calculated 

as shown in Equation 2.3, where tr represents retention time and W represents the width of 

chromatographic peaks.105 
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𝑅2𝐷 = √(𝑅1

2 + 𝑅2
2) Equation 2.2 

 
𝑅 =

𝑡𝑟,2 − 𝑡𝑟,1

0.5(𝑊2 + 𝑊1)
=

∆𝑡𝑟

𝑊2 + 𝑊1
 Equation 2.3 

Conventionally, the heart-cutting approach was employed for 2D GC, in which only a portion 

of material from the first column is introduced to the second column. This technique can only 

improve the resolution of analytes in the selected region. In modern 2D GC, also known as 

comprehensive 2D GC, two capillary columns with two different stationary phases (orthogonal 

phases) and often with different column lengths are employed for the 2D separation. As shown in 

Figure 2.4, 2D GC typically includes the following parts: (a) injector; (b) primary column; (c) 

column connectors; (d) GC × GC interface; (e) secondary column; (f) detector; (g) optional 

division for secondary oven. At the thermal modulator, all effluent from the primary column is 

injected into the secondary column by periodical pulsing with heating and a cooling process.148 In 

1991, 2D GC was first reported by Liu and Phillips, in which an on-column thermal modulator 

was used to analyze hydrocarbon mixture.150  
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Figure 2.4: Block diagram of a GC × GC system.148 

Reprinted with permission from Gorecki, T.; Harynuk, J.; Panic, O. The evolution of comprehensive two-dimensional 

gas chromatography (GC × GC). J Sep Sci 2004, 27 (5-6), 359-379. Copyright ©2004 John Wiley and Sons. 

 

There are two main types of modulation, namely thermal modulation and valve-based 

modulation. The cryogen-based thermal modulator, which is used in my study, is a type of thermal 

modulator; peaks from the primary column are trapped and cryogenically refocused by rapid 

cooling by liquid nitrogen, and then injected to the secondary column.  

For my study, a 7890A gas chromatograph (Agilent Technologies, Wilmington, DE, USA) is 

employed, which is fitted with a split/splitless injector, GC x GC thermal modulator (operated at -

80 ºC) and a secondary oven. The column configurations consist of an Rxi -5Sil MS (60 m × 0.25 

mm × 0.25 μm) (Restek, Bellefonte, PA, USA) followed by an Rxi-17Sil MS (2 m × 0.25 mm × 

0.25 μm) (Restek, Bellefonte, PA, USA). The GC columns are connected using an SGE micro 
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union connector. Standards and samples (2 μL) are injected at 250 ºC in the splitless mode. The 

sample is analyzed in both one dimensional and 2D modes. In one dimensional mode, the oven is 

programmed from 80 ºC (held for 1 min), heated to 210 ºC at 35 ºC/min, further to 260 ºC at 

3◦C/min and finally to 315 ºC at 10 ºC/min (held for 5 min). The temperature ramp in 2D mode is 

programmed from 55ºC (held for 2 min) heated to 110ºC at 10ºC/min, further to 210ºC at 3 ºC/min 

and finally to 310 ºC at 8 ºC/min (held for 15 min). The modulation period is 2 s (hot pulse, 0.7 s; 

cool time, 0.3 s). Other parameters used in both modes are the MS transfer line temperature set to 

300 ºC and helium (carrier gas) is supplied at 1.4 mL/min. 

 

2.9 Mass Spectrometry (MS) 

Mass spectrometry (MS) is a useful and powerful technique in modern analytical chemistry 

and used to determine the mass and structure of compounds.105 In 1897, Sir Joseph J. Thomson, 

1906 Nobel Laureate in Physics,151 discovered unknown negatively charged particles (electrons) 

when studying the cathode rays and determined the charge to mass ratio (e/m) of electrons.152 

Thomson also found the isotope of stable elements in 1913.153,154 MS was created by Francis W. 

Aston in 1919, who also identified isotopes of 212 naturally occurring isotopes and won the Nobel 

Prize for chemistry in 1922.105,155 In recent decades, there have been significant advances in the 

field and MS is now perhaps the most common method found in the modern-day analytical 

laboratory.  

The most important parts in a typical mass spectrometer include the ionization source, the 

mass analyzer and detector, which are shown in Figure 2.5. Generally, analytes are volatilized into 

their gaseous state inside the ionization source; after they are ionized, analytes are accelerated by 
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an electrical field and transferred to a mass analyzer, where analyte particles and fragments are 

separated by their mass-to-charge ratio (m/z ratio); then, the analytes and fragments are detected 

by a detector, and corresponding signals are sent and integrated on computer systems as peaks on 

the mass spectrum.105  

 

Figure 2.5: Block diagram of a general mass spectrometer. 

It is not uncommon that the MS is coupled with various instrumentation, such as gas 

chromatography (GC), high-performance liquid chromatography (HPLC), and inductively coupled 

plasma (ICP), which could be useful for separating target analytes from complex matrices. Mass 

spectrometry is one of the most widely adapted techniques for identification and quantification for 

organic compounds; its use has been reported in different subdisciplines of scientific research, such 

as agriculture,156 food science,157 pharmacology,158 toxicology,159 medicinal science,160 and 

environmental science.136 

 

2.10 Ionization Techniques 

Neutral analyte molecules are injected into the MS and first ionized in the ionization source; 

multiple techniques have been adapted based on properties of analytes and the requirement of 

detection. Depending on the ionization mode, the ionization process can produce either positive or 

negative ions. There are various ionization techniques, including electron ionization (EI), chemical 
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ionization (CI), electrospray ionization (ESI), matrix-assisted laser desorption/ionization 

(MALDI), fast atom bombardment (FAB), desorption electrospray ionization (DESI), direct 

analysis in real time (DART), atmospheric-pressure chemical ionization (APCI), inductively 

coupled plasma (ICP), field desorption. In my study, EI is the only ionization technique that has 

been employed and will be discussed in detail. 

Electron ionization is also known as electron impact ionization, was first reported by Arthur 

J. Dempster in 1918 but then the beam of electrons directly ionized solid surfaces.161 In 1929, 

Walker Bleakney used focused monoenergetic electrons to ionize gaseous atoms.162 EI is a 

common technique for MS, and it can be used for small, volatile, thermally stable compounds. 

In the EI ionization source, volatilized analyte molecules (M) are bombarded with a stream of 

electrons with a spiral trajectory (usually 70 eV kinetic energy) that are emitted from a heated 

tungsten or rhenium filament and accelerated by an electric field; then, analyte molecules will lose 

of an electron and form the molecular ion (M+•) as the kinetic energy of the electron is higher than 

ionization energy of the molecule. Ionization efficiency of EI is about 0.01% to 0.1%.105,163 The 

process of ionization is shown in Equation 2.4. 

 𝑀 + 𝑒− → 𝑀+. + 2𝑒− Equation 2.4 

Because the ionization energy for typical organic compounds is about 10 to 20 eV, excess 

energy from 70 eV will be stored in organic molecules as internal energy; since internal energy of 

organic molecules outpaces vibrational or bond energy, they will fragment in the ionization source, 

which is the reason why EI is regarded as a hard ionization technique. By lowering the kinetic 

energy of the electron in the EI ionization source, it can make the ionization process softer and 

retain more intact molecular ions. 
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2.11 Mass Analyzers 

Ions that are produced in the ionization source are introduced into a mass analyzer, where they 

are separated according to their m/z ratio. There are several common types of mass analyzers, 

including sectors, quadrupoles, triple quadrupoles (QqQ), ion traps, Fourier transform ion 

cyclotron resonance (FTICR) and time-of-flight (TOF). In my study, both QqQ and TOF mass 

analyzers were employed and thus are described below. 

The performance of a mass analyzer can be assessed based on five main characteristics, viz., 

the mass range limit, the analysis speed (scan speed), the transmission, the mass accuracy and the 

resolution. 

The mass range determines the range of m/z can be measured by a mass analyzer. The scan 

speed is the rate of the mass analyzer that can measure over the mass range. The transmission can 

be evaluated by the ratio of the number of ions reaching the detector and the number of the ions 

entering the mass analyzer. The accuracy of the m/z value provided by the analyzer can be used to 

assess the measurement error of instrument The mass measurement error, also known as the mass 

accuracy, can be further determined as the difference between the theoretical m/z and the measured 

m/z by the spectrometer as shown in Equation 2.5. Since mass accuracy can be either positive or 

negative, ± 5 parts per million (ppm) is an accepted limit for compound identification and/or 

assigning correct formulae with high level of confidence.164  

𝑚𝑎𝑠𝑠 𝑎𝑐𝑐𝑢𝑟𝑎𝑐𝑦 =
𝑚

𝑧⁄
𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 

− 𝑚
𝑧⁄

𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 
𝑚

𝑧⁄
𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 

× 106 Equation 2.5 

Resolution (R) is used to measure the ability of a mass analyzer to distinguish peaks for two 

ions with a small m/z difference in the mass spectrum. R can be calculated by Equation 2.6, where 

M is m/z value of (the second) peak and ΔM is the difference of m/z between the two ions. The 
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greater the R value, the more capable a mass analyzer to distinguish ions with small m/z difference.  

 
R =  

𝑀

∆𝑀
 Equation 2.6 

For my study, an Agilent 7000C QqQMS (Agilent Technologies, Wilmington, DE, USA) and 

TOF analyzer (Pegasus 4D HRT, LECO, St Joseph, MI, USA) were employed. The detailed EI 

fragmentation patterns and measured experimental masses are shown in Table I.1. 

2.11.1 Triple Quadrupole Mass Spectrometer (QqQMS) 

In the 1970s, Christie G. Enke and Richard Yost published an experiment on a triple 

quadrupole mass spectrometer (QqQMS), with the instrument of J.D. Morrison.165 Although it is 

named as triple quadrupole, only the first and third quadrupoles (Q1, Q3) are used as real 

quadrupoles, which are opposing parallel hyperbolic metal rods; the second “quadrupole” (q2), the 

collision cell, uses a hexapole in practice.166,167 The schematic of QqQ is shown in Figure 2.6. 

QqQMS allows transmission of a small mass region (generally < 1 amu, atomic mass unit) of 

selected m/z values for certain ions or a range of m/z values by applying a combination of 

constantly varying voltages through the axis of the rods. 

 

Figure 2.6: Triple quadrupole mass spectrometer. 
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Quadrupole MS is known to have high sensitivity, good dynamic range, slower scan rates than 

TOFMS.168 Besides, it also has a relatively short distance between the ion source and the detector 

due to efficient focusing features. Ions are resolved by quadrupole MS on their m/z rather than the 

momentum or kinetic energy of ions like TOF analyzers.169 

The QqQMS can be operated in full scan mode, by which all ions are scanned. It can also be 

operated in single ion monitoring (SIM) mode and multiple reaction monitoring (MRM) mode. In 

MRM mode of QqQMS, ions in Q1 are filtered for known m/z for precursor ions and then enter q2 

will be bombarded with collision gas, like N2, where ions fragment into smaller pieces under 

collision induced dissociation (CID). All ion fragments enter Q3 are filtered for certain m/z for 

product ions. Since MRM detects specific mass transitions for certain precursor ion to product ion, 

this makes QqQMS more selective than quadrupole MS in identifying and quantifying analytes. 

2.11.2 Time-of-Flight Mass Spectrometer (TOFMS) 

Time-of-flight MS is a technique that separates ions based on their m/z ratio as a function of 

their flight time. Pulsed ions are accelerated by an electric field (potential is V); ions enter the TOF 

tube under low pressure with specific length d; if there is a reflector, the direction of ion path is 

reflected and then detected by detector. A reflector or ion mirror, first proposed by Mamyrin,170 is 

a series of evenly spaced electrodes with applied linear electric field and can reduce the KE 

distribution of ions. The reflector is in the field-free region opposite to the ion source, while the 

detector is located on the side of the ion source to capture the reflected ions.  

The principle of m/z separation is shown in Equation 2.7; m/z is related to the square of flight 

time, t2. Other than by using a reflector, resolution of TOFMS can also be enhanced by applying 

delayed extraction grid and orthogonal ion injection.171-173 
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 𝑚

𝑧
=

2𝑒𝑉𝑡2

𝑑2
 Equation 2.7 

With delayed extraction mode, there is a time lag that is applied between ion formation and 

extraction; then, ions are extracted by a voltage pulse. In continuous extraction mode, voltage is 

applied for immediate extraction.  

Time-of-flight MS is a high-resolution MS with resolving power ranging from 1 000 to 25 

000 and mass accuracy down to about 0.001 ppm; its mass range is up to 106 m/z units, but in 

reality, it might be limited by the time of flight of heavy ions.105 Sensitivity of detection for time 

signal current image is affected and hindered by internal and thermal noise. Due to the high 

transmission efficiency, TOFMS has good sensitivity. 

The resolution of TOFMS is proportional to the flight path and time, which indicates that 

increasing the length of TOF tube can increase resolution.174 However, increased TOF tube length 

can result in increasing loss of ions by scattering after collision with gas molecules in TOF tube 

and thus decreasing the performance of the TOF analyzer.  

For my study, the TOF instrument (Pegasus 4D HRT, LECO, St Joseph, MI, USA) used is 

made to have a novel flight path named the folded flight path (FFP™) technology. Similar to the 

reflector TOF, FFP™ increases flight path for ions and hence increased resolving power. Ions that 

are generated in the ion source can be refocused by passing through a parallel set of electrostatic 

mirrors. FFP™ also mitigates the dispersion based on energy, which improve transmission 

efficiency of the ions and improves sensitivity. The FFP™ technology in combination with the 

KADAS, a patented ion statistics-based, acquisition system on LECO instrument permits mass 

accuracy better than 1ppm, with acquisition rates of 200 spectra/second in the two-dimensional 

mode.175 
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3.1 Abstract 

Halogenated polycyclic aromatic hydrocarbons (HPAHs) were identified in biological samples 

from the Alberta Oil-Sands Region (AOSR) using gas chromatography coupled with high-

resolution time-of-flight mass spectrometry (GC-HRTOF-MS) at a resolving power of 25,000. 

Knowledge of the electron ionization (EI) fragmentation behavior of individual HPAH isomers, 

achieved by injecting authentic standards in full-scan MS mode, was paramount in identifying a 

suite of HPAHs in samples from the AOSR. Confirmation of compounds in biological samples 

was based on the measured mass accuracy (± 3 ppm) of 2 characteristic ions prominent in the EI 

mass spectra of each compound. Numerous compounds were detected in the high-resolution total 

ion chromatogram in liver extracts of 4 biological species from the AOSR: river otter (Lontra 

Canadensis), northern pike (Esox lucius), lake whitefish (Coregonus clupeaformis) and snails 

(Gastropod sp.) many of which remain unidentified. Careful examination of the high-resolution 

accurate mass data suggests that dichloro-anthracene/phenanthrene, bromo-

anthracene/phenanthrene and dibromo-fluorene were present in the biological samples. Lipid 

corrected concentrations of dichloro-PAHs were estimated to be 16.3 ± 11.4 (n = 4) and 5.5 (n = 

1) ng/g in lake whitefish and river otter, respectively. Concentrations of mono-bromo-PAHs were 

an order of magnitude greater in snails (170.5 ng/g) than in northern pike (12.5 ng/g) while 

concentrations of dibromo-PAHs were 4 times greater in snails than in northern pike. The detection 

of these compounds in biota implies that these compounds are bioaccumulative. The liver-based 

biomagnification factor of the dichloro-PAH congener in the river otter/lake whitefish feeding 

relationship is much smaller than 1 implying that this compound does not biomagnify. 
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3.2 Introduction 

Polycyclic aromatic compounds (PACs) are a complex class of compounds derived from 

incomplete combustion or diagenesis of plant matter forming petroleum oils. The most common 

PACs are the polycyclic aromatic hydrocarbons (PAHs) of which 16 have been identified as 

priority pollutants by the United States Environmental Protection Agency (US EPA) and are also 

listed under Schedule 1 of the Canadian Environmental Protection Act.1 However, there are other 

important PACs that to date have received less attention. These include halogenated polycyclic 

aromatic hydrocarbons (HPAHs), non-halogenated alkylated PAHs and heterocyclic aromatic 

compounds that contain S-, O- and N- atoms.1,2 Like some of the other PACs, HPAHs are likely to 

be persistent in the environment.2 In addition, the toxicity of some HPAHs have been found to be 

similar to dibenzo-p-dioxins and dibenzofurans (PCDD/Fs).3-5 

HPAHs have been detected and quantified in environmental matrices and abiotic samples, 

such as waste incinerators, electronic wastes, atmosphere, and sediment.3,5-8 HPAHs have also been 

detected in biological organisms, such as seafood from south China, fish from the Great Lakes and 

blue mussels (Mytilus edulis) from Massachusetts, USA.6,9,10 In general, however, there is a paucity 

of reports of HPAHs in biological organisms and is due, in part, to the lack of validated analytical 

methods for the identification and quantification of these compounds and a lack of analytical 

standards for HPAHs.11  

The Canadian oil sands are naturally occurring mixtures of crude bitumen (thick, heavy crude 

oil), sand, clay, ultrafine mineral solids and water that are rich in PACs. PACs are released naturally 

from oil sands deposits (i.e., due to erosion of the bitumen deposits) and from bitumen extraction 

and upgrading (i.e., oil sands activity).12-14 However, several studies have clearly shown that 
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increases in the concentrations of C1–C4 alkylated PAHs and dibenzothiophenes (prominent 

components of Athabasca Oil Sands Region (AOSR) bitumen15) in the atmosphere, water, soil and 

sediments, plants, wildlife and fish in the AOSR are a result of proximity to oil sands activity.12-

14,16-21 Historically, the AOSR was covered by sea water millions of years ago, which would have 

contained high concentrations of chloride and bromide ions.22,23 During the oil sand formation, the 

elevated pressures and temperatures of diagenesis and catagenesis combined with the catalytic 

activation of halides formed with abundant crustal elements Al and Fe (AlX3 and FeX3, X = Cl or 

Br) likely created an environment conducive to organohalogen formation. HPAH formation has 

also been associated with the presence of halogen ions and strong sunlight.24 Based on these two 

potential formation pathways, it is hypothesized that HPAHs resulting from non-combustion 

sources are present in biological organisms from the AOSR. Having higher log Kow than their 

parent compounds, HPAHs have a higher propensity to partition into lipids, and as a result, 

bioaccumulate and biomagnify in biological organisms.15,25 This could in turn induce toxicity due 

to the activation of the AhR pathway.26   

Our study hypothesis, therefore, is that HPAHs are present in biological samples from the 

AOSR. Before testing these hypotheses, it was first necessary to establish an analytical method for 

identification and quantification of these compounds. We chose to use gas chromatography 

coupled with high resolution time-of-flight mass spectrometry (GC/HRTOF-MS). The mass 

spectral behavior of 16 authentic standards under electron ionization conditions was first 

elucidated. Our GC/HRTOF-MS system operating at a resolving power (RP) of 25,000 acquired 

HR mass spectra and the exact masses of two prominent ions characteristic to each HPAHs were 

then used to identify HPAHs in biological samples from AOSR. The results from this study provide 

preliminary identification of a new class of compounds in the AOSR that to date have gone 
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undetected.   

 

3.3 Materials and Methods 

3.3.1 Chemicals   

All high-purity (Optima grade) organic solvents, silica gel (923 grade, 100–200 mesh), 

alumina (60–325 mesh), Ottawa sand and anhydrous sodium sulfate, diatomaceous earth (DE) 

were purchased from Fisher Chemicals (Ottawa, Canada). The analytical standards and their 

acronyms are provided in Table II.1.  

3.3.2 Sample Preparation   

All samples were collected in 2014 and 2015 from the sites shown in Figure 3.1. Individual 

liver samples of otters (n = 6), northern pike (n = 4) and lake whitefish (n = 4) were extracted 

separately. Snails collected in the field were placed in clean water for 24 hours to depurate the 

contents of their guts. Shells were then removed and tissues were pooled and homogenized. A sub-

sample of this pooled material was then extracted (n = 3). Analyte extractions were performed 

using an accelerated solvent extractor (ASE, Thermo Scientific, Waltham, MA). Approximately 

1.5 grams of each sample (wet weight) was weighed and mixed with DE and transferred to an ASE 

extraction cell size and spiked with the recovery internal standard (RIS, 100 ng) prior to extraction. 

Details of the extraction and clean-up steps can be found in Idowu et al.27  
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Figure 3.1: Sample Collection Sites in the AOSR. 
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3.3.3 GC-HRTOF-MS Analysis   

Analysis of the HPAH extracts and standard solutions were performed in one-dimensional 

mode using a 7890A GC (Agilent Technologies, Wilmington, DE, USA) fitted with a split/splitless 

injector, coupled with a Pegasus HRT 4D (LECO, St Joseph, MI, USA) operated in electron 

ionization (EI) mode and calibrated with perfluorotributylamine, PFTBA, as the mass calibrant. 

The stationary phase was Rxi-5Sil MS (60 m × 0.25 mm × 0.25 μm) (Restek, Bellefonte, PA, 

USA). Standards and samples (2 μL) were injected at 250ºC in splitless mode. The GC program 

started at 80ºC (held for 1 min), heated to 210ºC at 35 ºC/min, further to 260ºC at 3ºC/min and 

finally to 315ºC at 10ºC/min (held for 5 min). The MS transfer line temperature was at 300ºC, ion 

source temperature at 250ºC and He as carrier gas at a flow-rate of 1.4 mL/min. The HRTOF-MS 

was operated at a mass range of m/z 50 – 500 with an acquisition rate of 13 spectra/second at 70 

eV. The RP (full width half height) of the system was typically greater than 25 000 based on the 

peak width of the lock-masses m/z 218.9851 (C4F9) and 263.9871 (C5F10N) of PFTBA. During the 

chromatographic run, PFTBA was continuously bled into the ion source to serve as an internal 

standard for instrument mass calibration. Run to run repeatability, measured as the mean mass 

accuracy (Δm) of all sample and standard injections were smaller than ± 0.5 ppm for both lock-

masses.  

3.3.4 GC/MS/MS Analysis   

Instrumental details of the analysis and quantitation of PAHs and alkyl-PAHs (APAHs) are 

given in Idowu et al.27  
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3.3.5 Method Verification   

Our laboratory is ISO-17025 certified and a fully validated PAH method in accordance with 

the Eurachem Guide has been previously reported.27,28 Based on the Eurachem guidelines, a 

comprehensive assessment of all the performance characteristics for HPAHs is unnecessary.28 

Instead, a truncated validation, i.e., verification, is warranted which must demonstrate that HPAHs 

behave similar to the PAHs during the sample extraction and clean-up steps. To test this, a mixture 

of PAHs and HPAHs [3 levels: high (500 ng), medium (200 ng), low (50 ng); (n = 5)] was fortified 

in an ASE cell containing C18-silica gel (used as a surrogate for biological tissue) and taken through 

the entire protocol. In this manner, recoveries of PAHs and HPAHs can be compared directly. 

Limits of detection (LODs) for individual HPAHs were achieved by fortifying ASE cells (n = 10) 

containing C18-silica gel with each HPAHs (50 pg) and LODs calculated as 3× the standard 

deviation of the 10 replicate measurements. Calibration standards in hexane (1, 5, 10, 25, 50 and 

100 pg/µL) were injected in triplicates to generate our calibration curves for each HPAH.  

 

3.4 Results and Discussion 

There were no statistical differences (Student t-test, p < 0.05) in the average recoveries of 

HPAHs relative to PAHs at any of the fortification levels. The repeatability of the method for 

HPAHs (and PAHs) expressed as the average % RSD of all 16 HPAHs and (16 PAHs) were 5.4 

(6.7), 7.5 (4.9) and 13.9 (6.4), for the high, medium, and low spikes, respectively. Limits of 

detection ranged from 1.8 – 5.9 pg. The linear dynamic range of the method ranged from 1 – 100 

pg (for all analytes). Based on the Eurachem Guide, the performance characteristics experimental 

results imply that the ISO-17025 PAHs validated method established in our laboratory is suitable 
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for use with the HPAHs.28  

3.4.1 EI Mass Spectra   

Reference EI mass spectra were generated using individual standards commercially available.  

As examples, the full-scan EI mass spectra of 1,5-dichloroanthrancene, 3-bromophenanthrene and 

2,7-dibromofluorene are shown in Figure 3.2. The mono- and di-Cl containing PAHs EI mass 

spectra was dominated by the molecular ion (M+•) (see Table II.2). For the mono-Cl isomers, with 

the exception of 1-Cl-Pyr, the second most dominant ion arose from a neutral loss of HCl from the 

M+• ion; the second most abundant peak for 1-Cl-Pyr arose from the loss of a Cl radical from the 

M+•. A neutral loss of 2 Cl atoms was the second most dominant ion observed in the EI mass spectra 

of the 2 di-Cl isomers. The appearance of the EI full-scan mass spectra for the mono-Br ions was 

more complicated than the Cl-containing PAHs. In 3 cases (3-Br-Phe, 9-Br-Phe and 1-Br-Pyr), the 

M+• ions dominated the EI mass spectra of the mono-Br isomers. For 7-Br-BaA, the base peak 

arose from a neutral loss of HBr from the M+• while for the 5-Br-Ana and 2-Br-Fle the base peak 

arose from a free radical loss of Br from the M+•. Losses of 2 Br atoms from the parent ion (9,10-

Br2-Ant and 9,10-Br2-Phe) or concomitant loss of Br• and HBr (2,7-Br2-Phe) were the dominant 

ions in the EI mass spectra of the di-Br PAHs.  
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Figure 3.2: EI full-scan (m/z 50–500 amu) high resolution mass spectra of 1,5-dichloroanthracene 

(top panel), 3-bromoanthracene (middle panel) and 2,7-dibromofluorene (bottom panel). 

3.4.2 Instrument Verification   

As a check of the performance of the GC/HRTOF-MS, the mean experimental Δm was first 

measured on the 16 HPAHs. Based on our knowledge of the EI fragmentation behavior of the 

HPAHs, the theoretical exact m/z values for the abundant ions characteristic to each HPAH were 

compared with the experimentally measured mean m/z values (5 replicate injections of the standard 

solution) determined by our system at a RP of 25 000 (see Table II.2). The repeatability of replicate 

measurements of the analytical standards ranged from 0.1 to 0.6 mmu and in all cases the mean 
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mass accuracy was lower than ±3.5 ppm. Taken together, these results imply that the GC/HRTOF-

MS is well-suited for identifying these compounds in environmental samples.  

3.4.3 Compound Identification Workflow   

The next step was to use the verified method to determine if any HPAHs could be identified 

in any of the 4 biota samples. To do so, total ion chromatograms were first deconvoluted by 

constructing exact mass extracted ion chromatograms (XICs) for the 2 prominent ions 

characteristic of each of the 16 HPAHs. The ions selected that are shown in Table II.2 were 

determined from repeated injections (n = 5) of the standard solution. Figure 3.3 shows examples 

of the ion chromatograms at exact mass for HPAHs tentatively identified in our samples. The next 

step in the identification workflow was to compare the experimentally measured mass for the 2 

prominent ions in the samples to the theoretically expected m/z value. Measured Δm of ±5 ppm 

was considered reliable for analyte identification. An attempt was made to compare the 

experimentally measured abundances of ions in the isotopic cluster of identified compounds in 

samples to their theoretical values. However, because of the small mass of material analyzed and 

the small concentrations of analytes we were unable to do so. Another consideration in the 

identification of HPAHs in our samples was to ensure that tr of identified compounds eluted closely 

to the analytical standard of similar halogenated content and PAH backbone. A similar approach 

was also adopted by Millow et al. and Manzano et al.29,30 Concentrations of HPAHs in the samples 

were then estimated by comparing the electronically integrated area of peaks in the exact mass 

XIC in the samples to the area of HPAH external standard of similar halogenated type and content 

and with a similar PAH backbone. The mass labeled PAH internal standard used to assess 

recoveries was > 80% and no recovery correction was applied to the data. We ensured that reported 
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concentrations were greater than MDL values. With the limited number of isomers currently 

available it is not possible to discern the substitution positions of the halogen atoms on the HPAHs 

identified in our samples. 

 

Figure 3.3: Ion chromatograms of 16 HPAHs standard mixture (top panel), a lake whitefish extract 

(middle panel; a=Cl2-Ant/Phe) and a snail extract (bottom panel; b=Br-Ant/Phe, c=Br2-Fle). 

Elution order and tr of HPAHs standards can be found in Table II.2. 
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3.4.4 Identification of HPAHs   

Figure 3.3 shows the elution profile of 3 HPAHs tentatively identified in our samples. For lake 

whitefish, a dichloro-anthracene/phenanthrene [C14H8Cl2, (Cl2-Ant/Phe)] was identified in all 4 

samples. The tr time of this compound was ~18.0 min which was in good agreement with the 

elution of the 1,5-Cl2-Ant standard. Because there are 15 and 25 possible constitutional isomers 

for a Cl2-Ant and Cl2-Phe, respectively, it is perhaps not surprising that the tr of the compound in 

the samples was not the same as that of the 1,5-Cl2-Ant standard.31 The mean experimental 

measured masses (n = 4) of the 2 characteristic ions in the EI mass spectra of this compound were 

245.9995±0.0007 and 176.0619±0.0003 amu. Compared with the theoretically expected mass, this 

corresponds to respective Δm’s of -1.10±1.50 and -0.94±0.84 ppm. Using the response factor of 

1,5-Cl2-Ant, mean concentrations of Cl2-Ant were estimated to be 16.3 ± 11.4 ng/g, lipid weight 

(lw, gravimetrically measured, see Table 3.1).   

Dichloro-anthracene/phenanthrene was also identified and detected in one river otter sample.  

The peak in the chromatogram that we ascribe to be Cl2-Ant/Phe had an experimental measured 

mass of 245.9993 [M]+• and 176.0625 [M-2Cl]+• with Δm’s of -1.75 and 2.73 ppm, respectively.  

The concentration of this compound in the river otter sample was ~3× smaller than those measured 

in lake whitefish.   

Two brominated compounds were also tentatively identified in our samples (see Figure 3.3).  

A monobrominated anthracene/phenanthrene [C14H9Br, (Br-Ant/Phe)] and a dibrominated 

fluorene [C13H8Br2, (Br2-Fle)] were detected in northern pike and in a snail sample (see Table 3.1).  

The tr of the Br-Ant/Phe was the same as that of the 9-Br-Phe, however, there are 3 and 5 

constitutional isomers of mono-Br Ant and Phe, respectively.31 But with an identical tr it is 
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reasonable to suggest that the compound in our sample is 9-Br-Phe. The experimentally measured 

masses of the 2 characteristic ions of Br-Ant/Phe in the northern pike samples were 

255.9876/176.0621 which correspond to a Δm of -2.38/0.51 ppm, respectively. Similarly for the 

snail sample, Δm values of 0.82 and 1.99 ppm were obtained for the 2 prominent ions characteristic 

to this compound. The lipid-normalized concentrations of Br-Ant/Phe were estimated to be 12.5 

and 170.5 ng/g in northern pike and snail, respectively, and were based on the response factor of 

9-Br-Phe. 
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Table 3.1: Concentrations of 3 HPAHs and APAHs in biota samples from AOSR. 

Species 
HPAH 

Detected 

Measured 

Mass 

Mass Accuracy 

(Δm, ppm) 

Concentrations (ng/g, lw)a 

HPAHs APAHsb 

Lake Whitefish Cl2-Ant/Phe 

245.9995 -1.0976 

16.3 ± 11.4c    7.3 ± 3.9c,d 
176.0619 -0.9372 

Snails 

Br-Ant/Phe 
255.9884 0.8203 

170.5 529.9e 
176.0624 1.9879 

Br2-Fle 
323.8959 -2.4390 

111.4      316.5f 
163.0541 -0.6746 

River Otter Cl2-Ant/Phe 
245.9993 -1.7480 

5.5       -- 
176.0625 2.7263 

Northern Pike 

Br-Ant/Phe 
255.9876 -2.3829 

12.5 -- 
176.0621 0.5111 

Br2-Fle 
323.8971 1.1114 

26.7 3.2g 
163.0547 2.7598 

 a lw= lipid weight 
b alkylated PAHs  
c mean ± SD measured in 4 samples  
d C2-Phe  
e sum of 2-, 3- and 4/9-methyl-Phe  
fC2-Fle 
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The experimentally measured m/z-values for the 2 prominent ions of Br2-Fle in the northern 

pike and snail samples were 323.8971/163.0567 and 323.8959/163.0541, respectively. The tr of 

this compound in our samples agreed well with that of 2,7-Br2-Fle (19.8 min) but because there 

are 25 theoretical constitutional isomers for a Br2-Fle we cannot say with certainty that the 

compound in our samples is in fact 2,7-Br2-Fle.31 Measured Δm’s were all within ± 3 ppm of the 

expected m/z value. Based on the response factor of 2,7-Br2-Fle, the concentration of Br2-Fle in 

northern pike and snail were estimated to be 26.7 and 111.4 ng/g, lipid weight, respectively.    

It is instructive to compare concentrations of HPAHs to those of PAHs and APAHs measured 

in our samples. There are, however, two caveats that must be acknowledged before doing so. First, 

the total body burden of HPAHs in organisms from this study is probably underestimated because 

there are likely other HPAHs that remain undetected. Due to the small sample mass available for 

our study and limited availability of analytical standards, detection of additional HPAHs (and other 

HPACs) is challenging. Second, the external standard approach to quantitation whereby the 

response factor of one standard is used to quantify an analyte in our sample likely introduces a bias 

in our measurements. To make comparisons more meaningful concentrations of HPAHs were 

compared to those of APAHs with the same alkyl-substitution content. For example, the 

concentrations of Br2-Fle were compared with C2-Fle and Br-Ant/Phe were compared with C1-

Ant/Phe. Concentrations of PAHs were generally below detection limits in the samples.    

In lake whitefish, the mean concentrations of Cl2-Ant/Phe were ~2× greater than C2-Ant/Phe. 

Conversely, the concentrations of APAHs in snails were ~3× greater than HPAHs. In northern pike, 

Br2-Fle concentrations were 8× greater than that of C2-Fle. Similar comparisons for Cl2-Ant/Phe 

in river otter and Br-Ant/Phe in northern pike could not be made as APAHs of similar alkyl-content 

were below detection limits in the samples.    
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The biomagnification factor (BMF) indicates the extent of enrichment or trophic dilution of a 

compound between a particular predator/prey feeding relationship and intuitively provides insight 

into the relative susceptibility of compounds to biotransformation/clearance in biota.32 Using the 

river otter/lake whitefish feeding relationship, the liver-based BMF for the dichloro-PAH congener 

was 0.34. Although the elution times of the dichloro-PAHs congener in both the river otter and 

lake whitefish were identical, it is possible that the substitution position of the chlorine atoms could 

be different. We further acknowledge that this BMF represents a single predator/prey feeding 

relationship, but it does suggest that this HPAH congener is susceptible to metabolism and/or 

clearance in aquatic organisms.   

Interestingly, the concentrations of HPAHs and APAHs were greatest in snails relative to the 

other pelagic organisms. Snails are benthic feeders and accumulation of HPAHs (and APAHs) 

would be from their direct interaction with sediments. This suggests that the concentrations of 

HPAHs in sediments are elevated and/or the metabolic activity of snails are low for these 

compounds. Further work on characterizing concentrations of HPAHs in sediments is clearly 

warranted. 

Analogous to PAHs and APAHs, organism exposure to HPAHs in the AOSR is likely to be 

from continuous chronic inputs of these compounds into the receiving environment. By definition, 

bioaccumulation of environmental contaminants in biological organisms occurs when the rate of 

chemical uptake and storage exceeds the rate of clearance (i.e., depuration and/or metabolism). It 

is quite plausible then that clearance of HPAHs is rapid, but that continuous exposure leads to 

detection in organism. While our study was not designed to specifically address this issue it is clear 

that further work is needed to understand the toxicokinetics of these compounds in biological 

organisms.    
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3.5 Conclusions  

To date non-halogenated PACs have been the focus of monitoring activities in the AOSR, but 

the presence of the halogenated PAHs suggests these compounds may be important to AOSR 

impacted environments. Challenges to developing a better understanding of the burden of these 

PAH analogues are prompted by the lack of authentic standards available limiting our ability to 

identify a comprehensive suite of these compounds in our samples and could have in part 

contributed to an underestimation of the body burdens detected. More commercially available 

standards will facilitate a more thorough understanding of the EI fragmentation of these 

compounds that in turn will help to identify more of these compounds in samples. Admittedly, our 

study was limited to a small number of HPAHs. It is conceivable that other HPAHs and even 

halogenated derivatives of APAHs may also be environmentally relevant compounds in the AOSR 

considering that the APAHs are detected in greater concentrations than their parent PAHs. Using 

larger sample mass, work is ongoing to identify more of these novel compounds in samples from 

the AOSR and to assess the efficacy by which these compounds are biotransformed in biological 

organisms. The identification of 3 HPAHs in samples from the AOSR is the first report of these 

compounds from this region and the uncertainty in the formation pathway; photochemical vs. 

diagenesis requires more research to ensure halogenation is not a byproduct of oil sands energy 

development. Finally, examination of HPAHs concentrations in conjunction with stable isotope 

analysis will help understand the trophodynamics of these compounds in food webs from the 

AOSR.  
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Chapter 4: New Approaches to Reduce Sample Processing Times 

for the Determination of Polycyclic Aromatic Compounds in 

Environmental Samples   

 

A version of this chapter has already been published as Zhe Xia, Ifeoluwa Idowu, Evan Kerr, 

Nicole Klaassen, Harsimran Assi, Harley Bray, Chris Marvin, Philippe J. Thomas, Jörg Stetefeld 

and Gregg T. Tomy. New approaches to reduce sample processing times for the determination of 

polycyclic aromatic compounds in environmental samples. Chemosphere, 2021, 274, 129738. 

Copyright © 2021. B.V. Elsevier. Reprinted with permission. 
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4.1 Abstract 

This study validates two approaches to streamlining the processing of sediment and biota for a 

suite of polycyclic aromatic compounds (PACs) with a wide range of chemical properties, 

including polycyclic aromatic hydrocarbons (PAHs) and alkyl-PAHs (APAHs), and a new class 

of environmental contaminants, halogenated-PACs (HPAHs). One method is based on one-step in 

situ extraction/cleanup using accelerated solvent extraction (ASE) in which a mixture of copper, 

deactivated alumina and silica gel were added directly to the ASE cell along with sample; the 

second technique is based on dispersive solid phase extraction (dSPE) using alumina/silica for 

cleanup of biota samples to augment conventional ASE extraction combined with gel permeation 

chromatography. Validation protocols were performed in accordance with the ISO/IEC 17025 

guidelines, whereby method performance characteristics, i.e., accuracy, precision, linearity, limits 

of detection and ruggedness, were evaluated. Accuracies generally ranged from 70 – 120% for the 

in situ ASE method and 70 – 100% for the dSPE technique. Limits of detection/quantitation for 

the 45 target analytes for in situ ASE and dSPE methods were determined to be < 2.5/8 pg μL-1, 

and < 20/60 pg μL-1, respectively. Intra and inter-day repeatability for both methods were < 25% 

except for 1 APAH which had an inter-day precision of 35% using the dSPE method. Neither 

method was affected by any of the purposeful changes attempted which implies that both methods 

are robust. Results of our validation studies showed excellent data quality for both methods in 

addition to achieving a reduction in sample processing times.  
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4.2 Introduction 

Polycyclic aromatic compounds (PACs) can be found naturally in compounds such as bitumen 

or generated through the incomplete combustion of organic materials, but predominantly they are 

introduced into the environment by anthropogenic means.1,2 The burning of coal, wood and oil or 

accidental crude oil spills, for example, can release these PACs into the environment.3 These 

compounds have been detected globally in many environmental compartments including biota, 

soil, water and in the air.3-7 Polycyclic aromatic compounds can have deleterious impacts on 

biological systems because many of these compounds have the ability to bioaccumulate and have 

exhibited a multitude of toxic, carcinogenic and/or mutagenic effects.3,6 Environmental monitoring 

of PACs is paramount to understanding their spatial and temporal distribution and global 

sampling/monitoring campaigns have already been established by many countries.4,6,8-11 Naturally, 

concomitant with these large global monitoring networks for PACs is the need to identify and 

quantify PACs in a timely and cost-effective manner.  

Currently, a common method for extracting PACs from a given matrix uses pressurised liquid 

extraction (PLE), often referred to as accelerated solvent extraction (ASE).4,12,13 By utilizing 

elevated temperature and pressure for a prescribed amount of time with appropriately selected 

organic solvents, it is possible to efficiently disrupt target analyte-matrix interaction(s) and 

exhaustively extract the desired analyte from various environmental matrices.14 Following ASE 

extraction, it is typical to further purify sample extracts using column chromatography to remove 

any co-extracted interferences. The overarching principle of this step is to exploit differences in 

the chemical interactions of the target analyte(s) with the solvent(s) and adsorbent used in the 

column chromatography step. Like any other analytical protocol, the introduction of an additional 
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step in a sample workflow can lead to potential losses of analyte and an increase in overall sample 

processing times.  

In an effort to minimize sample preparation cost and time, the QuEChERS method for analysis 

of PACs in environmental samples was introduced.15-20 The technique, developed by 

Anastassiades et al., was designed to provide a rapid and inexpensive method for analysis of 

pesticide residues in fruits and vegetables.21 Because QuEChERS exploits partition properties of 

target analyte(s) with their matrix and extraction solvents, the technique has been used in 

processing of samples for PAC analysis. Specifically, QuEChERS has been used to analyze 

polycyclic aromatic hydrocarbons (PAHs) in biotic and abiotic samples.16-20 

While the QuEChERS method does have advantages relative to other methods for PAH 

analysis, there are some inherent disadvantages to the method, especially when there is a large 

range in chemical properties of target analytes. Selecting the appropriate QuEChERS solvent(s) to 

efficiently and exhaustively extract the PACs examined in this study, which have a large disparity 

in octanol-water partition coefficients (KOW), is challenging.22 Furthermore, others have shown 

that there is often a requirement for a low sample weight to final extract ratio that can lead to 

varying degrees of matrix effects depending on the type of tissue material processed.23-25 In 

addition, it has been shown that there is a potential for PAH contamination stemming from the 

choice of dispersant used and QuEChERS tubes.15,26 

Due to the apparent deficiencies of QuEChERS for some analytes, we have considered 

alternative techniques for combining extraction and cleanup of environmental samples while 

retaining the performance characteristic of classical methods. Idowu et al. (2018) presented a 

validated method for the analysis of PAHs and alkylated PAHs in environmental samples based 
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on ASE extraction and gas chromatography mass spectrometry for detection and quantitation.12 

This work was conducted in an ISO accredited laboratory and under strict adherence with the 

Eurachem Guide on method validation. Recently, three studies reported on a layered, in situ one-

step ASE extraction and clean-up of PACs from sediment samples with no additional sample 

processing steps.27-29 With the elevated pressures employed in ASE and the forceful nature of 

solvent introduction into the ASE cell it is likely that the carefully prepared layers would be 

disturbed and that mixing of the layers would arise. Based on this we hypothesize that an in situ 

non-layered ASE approach with judicious selection of extraction solvent(s) would enable 

exhaustive extraction of a broad suite of PACs. In keeping with our intention of streamlining 

sample workflows for PAC analyses, we also validated a simple alumina/silica dispersive solid 

phase extraction (dSPE) clean-up step post-ASE and gel permeation chromatography (GPC) for 

biota extracts to replace the time-consuming column chromatography step. 

 

4.3 Materials and Methods 

4.3.1 Chemicals  

Organic solvents and diatomaceous earth (DE) dispersant were purchased from Fisher 

Scientific (Ottawa, ON). Silica gel, alumina, anhydrous sodium sulphate and Ottawa Sand were 

also from Fisher Chemicals. Details of target analytes and their suppliers can be found in the Table 

III.1. The suite of labelled internal standards used for recovery internal standard (RIS) were d8-

naphthalene, d8-acenaphthylene, d10-acenaphthene, d10-fluorene, d10-phenanthrene, d10-pyrene, 

d12-benz(a)anthracene, d12-chrysene, d12-benzo(b)fluoranthene, d12-benzo(k)fluoranthene, d12-

benzo(a)pyrene, d12-indeno(1,2,3-c,d)pyrene, d14-dibenz(a,h)anthracene, and d14-
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benzo(g,h,i)perylene. Labelled anthracene (d10-anthracene) was used as the instrument 

performance internal standard (IPIS). 

4.3.2 Samples  

Two samples were used to evaluate the performance characteristics of the one-step extraction 

method. As part of our ISO accreditation status, our laboratory participates in biannual 

performance testing (PT) exercises that are coordinated by the Canadian Association for 

Laboratory Accreditation (CALA, Ontario, ON). A soil sample from CALA containing PACs 

(CALA C18-1) was used for the study. In addition, the Standard Reference Material (SRM) 1944 

[National Institute of Standards and Technology (NIST), Gaithersburg, MD], which is a sample of 

New York/New Jersey Waterway sediment and contains certified concentrations of many PACs, 

was also used. Validation of the dSPE technique using silica gel/alumina was performed on a lake 

trout (Salvelinus namaycush) purchased from a local retail store (Winnipeg, MB). The fillet was 

homogenized using a Knife Mill Grindomix Retsch GM 200 (Newton, PA, USA) and stored in a 

-80 º C freezer. 

4.3.3 Abbreviations 

For the HPAHs, the abbreviations used here begin with the substitution positions of the 

halogen(s), following by the substituted halogen atom and parent PAHs structure. The abbreviation 

of PAHs is listed below: Naphthalene (Nap), acenaphthylene (Acy), acenaphthene (Ace), fluorene 

(Flu), phenanthrene (Phe), anthracene (Ant), fluoranthene (Flu), pyrene (Pyr), benzo[a]anthracene 

(BaA), chrysene (Chr), benzo[b]fluoranthene (BbF), benzo[k]fluoranthene (BkF), benzo[a]pyrene 

(BaP), benzo[g,h,i]perylene (BghiP), indeno[1,2,3-c,d]pyrene (Ind), and dibenz[a,h]anthracene 

(DahA). The full list of abbreviations can be found in the Table III.1. 
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4.3.4 One-step Layerless Extraction Protocol for Sediment 

Both CALA C18-1 and SRM1944 were extracted using a Dionex ASE 350 (ThermoFisher, 

Mississauga, ON). A glass fiber filter was first placed at the bottom of the 34 mL ASE cell. A 

mixture of 1 g reduced copper, 4.5 g 5% deactivated alumina, and 5 g silica gel was placed into 

the cell. Sub-samples of well mixed CALA C18-1 (0.5 g) were weighed, mixed with DE dispersant 

(1.5 g, baked at 600°C for 6 hours), and added to the ASE cells. The samples were then spiked 

with a recovery internal standard. Finally, Ottawa sand (baked at 600°C for 6 hours) was used to 

fill the dead volume of the cell to approximately 0.5 cm below the top of the cell. The ASE 

extraction conditions were as follows: system pressure 1500 psi, oven temperature 120 °C with a 

heat up time of 6 min., static time of 15 min. with 1 static cycle, DCM as the extraction solvent, 

60% flush volume and a nitrogen purge for 80 seconds at 150 psi. After extraction, the extract was 

treated with sodium sulphate to remove moisture, and subsequently transferred to a 250 mL round 

bottom flask. The sample volume was reduced to approximately 2 mL, transferred to a glass test 

tube with 3 washes of hexane (~5 mL each) and reduced to 5 mL using a gentle stream of ultra-

high purity (UHP) nitrogen. An instrument performance internal standard (IPIS, d10-anthracene) 

was added to in the sample. Amber GC vials were used to store the samples under refrigeration at 

4 °C until they were analyzed.   

4.3.5 Method Validation of One-step Layerless Extraction  

The Eurachem Guide – The Fitness for the Purpose of Analytical Methods, stipulates 

performance characteristics for method validation, namely detection limits, working range, 

accuracy/recovery, precision, and ruggedness.30  
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4.3.5.1 Detection Limits  

LOD/LOQs for our one-step extraction study were calculated by extracting ca. 1.5 g DE 

dispersant (n = 10) fortified with 10 μL of 5 ng μL-1 PAHs and HPAHs. The standard deviations 

(s0) of signals for each target analyte were calculated and an adjusted standard deviation (s0’) as 

defined in the Eurachem Guide was calculated by the ratio s0’ = s0/√n. Finally, target analyte 

specific LODs were determined as 3* s0’, and LOQs as 10* s0’.
30 LODs and LOQs are reported 

on a mass volume basis.  

4.3.5.2 Working Range  

For HPAHs, a six-point external calibration curve (10, 200, 400, 600, 800, 1000 pg μL-1) was 

constructed with a 100 pg μL-1 IPIS added to each point to account for small systematic errors that 

may arise from fluctuations in injection volumes and ionization efficiencies between injections. 

Calibration standards were run randomly in triplicate with a solvent blank injection. The signal 

response of each analyte was normalised to the IPIS and plotted as a function of concentration. 

Linearity was evaluated by the magnitude of R2 (correlation coefficient) and the level of 

significance (i.e., p‐value) for each of the analytes. Residual plots were also examined to ensure 

that data was randomly distributed about zero. For PAHs and APAHs, working range could be 

found in Idowu et al.12  

4.3.5.3 Accuracy 

For our one-step extraction validation study, CALA C18-1 (n = 6) were extracted and 

analysed for PAHs; for HPAHs, DE dispersant (n = 10) was fortified with the 100 pg μL-1 HPAH 

mixture.  
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4.3.5.4 Precision 

Repeatability on our one step extraction was calculated by extracting and quantifying PAH 

from CALA C18-1 in replicate over a 24 h period (intraday, n = 6) and over 3 consecutive days 

(interday, n = 3); for HPAHs, precision was determined by replicate extraction of fortified DE 

dispersant over a 24 h period (intraday, n = 6) and over 3 consecutive days (interday, n = 3).  

4.3.5.5 Ruggedness  

The ruggedness of our one-step extraction protocol was determined by purposefully changing 

the extraction temperature (115 °C and 125 °C, n = 3 in each case) or the flush volume of solvent 

used in extraction (55% and 65%, n = 3 in each case). Student t-tests (t = 0.05, two-tail) were run 

to determine if any of the changes resulted in statistically significant differences. 

4.3.5.6 Extraction and dSPE Protocol for Biota 

A glass fiber filter was placed in the bottom of the 34 mL ASE cell. A 5.0 g sub-sample of 

homogenized lake trout sample was weighed and mixed with DE Dispersant (3.5 g). The mixture 

was transferred to 34 mL ASE cells. Ottawa sand was used to fill the dead volume of the cell to 

approximately 0.5 cm below the top of the cell. The ASE condition was the same as for the one-

step extraction study. Following extraction, samples were reduced in volume to 5 mL using a 

Genevac SP scientific evaporation system (Warminster, PA, USA). Sodium sulfate (3 g) was 

added to remove water and the extracts further reduced to 2.6 mL under a gentle stream of UHP 

nitrogen and then brought to 5.2 mL with hexane. 200 μL of extracts were transferred to pre-

weighed aluminium boats for lipid determination. Extracts (5.0 mL) were then applied to the head 

of a GPC column (J2-scientific AccuPrepMPSTM, Columbia, Missouri, USA) packed with 60 g 
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of S-X3 Biobeads to remove excess lipids and protein. The following parameters were employed 

by the fully-automated system; injection volume: 5 mL; pressure: 8 psi; flow rate: 5 mL/min; 

mobile phase: hexane:DCM (1:1, v/v). The first 120 mL of effluent contained lipids and other 

biogenic material and was discarded. The fraction containing analytes eluted from 125 – 250 mLs 

and was collected in a 250 mL round bottom flask; the extract was reduced in volume to 1 mL via 

Genevac solvent evaporator and nitrogen evaporation. The 1 mL extract was transferred to a 125 

mL round bottom flask with successive washes of 70:30% (DCM: hexane, 2 x 10 mL each) 

containing silica gel (4 g), 0.5 g sodium sulfate and 5% deactivated alumina (1 g). The flasks were 

allowed to sit for 30 min with periodic swirling every 10 min. The extract was then transferred to 

a 60 mL ASE tube and reduced to 200 μL by Genevac under nitrogen. Extracts were then fortified 

with the IPIS (100 pg μL-1) and stored at 4 ºC in amber vials. 

4.3.6 Method Validation for dSPE 

4.3.6.1 Detection Limits  

For the dSPE study, LOD/LOQs were determined by replicate extractions of lake trout 

samples (n = 8) fortified with a 10 μL of 1 ng μL-1 PAC mixture. The standard deviations (s0) of 

signals for each target analyte were calculated and an adjusted standard deviation (s0’), as defined 

in the Eurachem Guide, was calculated uisng the ratio s0’ = s0/√n. Analyte specific LODs were 

determined as 3* s0’, and LOQs as 10* s0’.
30 LODs and LOQs are reported on a mass to volume 

basis. 
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4.3.6.2 Accuracy  

For validation of the dSPE, lake trout samples (5.0 g, n = 8) were used for accuracy tests, 

which were fortified with 10 μL of 0.2, 2 or 10 ng μL-1 PAC mixture, respectively. 

4.3.6.3 Precision   

For dSPE study, precision was determined by replicate extractions of lake trout samples (n = 

8) fortified with mixture of 10 μL of 2 ng μL-1 PACs.  

4.3.6.4 Ruggedness  

For dSPE study, ruggedness was determined by changing either the mass of silica gel (3.5 g 

and 4.5 g, n = 3 in each case), mass of deactivated alumina (0.8 g and 1.2 g, n = 3 in each case), 

composition of the solvent systems (65:35%, DCM:hexane, n = 3) and the rinse cycle on the dSPE 

(1 cycled, n = 3). Student t-tests (t = 0.05, two-tail) were run to determine if any of the changes 

result in statistically significant differences. 

4.3.7 GC-MS/MS Conditions 

An Agilent 7890 GC coupled with a triple quadrupole Agilent 7000C mass spectrometer fitted 

with electron ionization (EI) source was used for the MS/MS acquisition. An Agilent J&W DB-

5ms ultra inert column (30 m × 0.25 mm × 0.25 µm) and helium was used as the carrier gas at a 

constant flow rate of 1.2 mL/min. 1 µL of sample was injected with a PAL RSI 85 auto sampler at 

250 °C in splitless mode. The oven temperature for PAHs and APAHs was held at 60 °C for 1 min 

then raised to 120 °C at 35 °C/min, further ramped up to 220 °C at 14 °C/min, to 260 °C at 3 °C/min 

and held for 5 min, 300 °C at 10 °C/min, and finally to 310 °C at 50 °C/min. For HPAHs, the oven 
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temperature for PAHs was held at 60 °C for 1 min then raised to 210°C at 35 °C/min, further 

ramped up to 260 °C at 2 °C/min, 300 °C at 10 °C/min and held for 5 min, and finally to 325 °C 

at 50 °C/min and held for 5.5 min. Both transfer line and source temperature were set at 320 °C 

and UHP nitrogen was used as the collision gas at 60 psi. The quantification and confirmation ions 

and the multiple reaction monitoring (MRM) ion transitions for PAHs and APAHs can be found 

in Idowu et al.12 Similar details for HPAHs MRM ion transitions that were developed for this study 

can be found in Table III.2.  

 

4.4 Results and Discussion 

The performance characteristics for the one-step extraction and dSPE techniques are shown 

in Table 4.1 and Table 4.2, respectively. For the one-step extraction, LODs/LOQs for PAHs were 

all ≤ 1.9/6.3 pg μL-1 and ranged from 0.5/1.5 pg μL-1 (benzo[b]fluoranthene) to 1.9/6.3 pg μL-1 

(benzo[a]pyrene). The LODs/LOQs for HPAHs were all below 10 pg μL-1 and ranged from 0.3/1.0 

pg μL-1 (9-Cl-Phe) to 2.3/7.8 pg μL-1 (2-Br-Ant). We also examined LODs for all our target 

analytes using the layered approach described in our previous study and compared them to the 

LODs using the layerless approach.29 Interestingly, LODs for all PAHs using our layerless 

extraction approach were consistently smaller (Student t-test, p < 0.05) than LODs using the 

layered method (data not shown). For HPAHs, while LODs obtained from the layerless method 

were smaller than the layered approach (data not shown), only for 10 of the 22 analytes were those 

differences statistically significant (Student t-test, p < 0.05). Visual inspection of post-ASE 

extracts obtained from the layerless approach were found to be clearer than those from the layered 
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method. Whether clearer extracts are related to the smaller LOD values obtained from the layerless 

approach remains unclear.  

The dSPE method exhibited comparable LODs/LOQs for PAHs, which ranged from 1.5/5.0 

pg μL-1 (benzo[g,h,i]perylene) to 6.1/20.4 pg μL-1 (fluorene). However, HPAHs, however, had 

overall higher LODs/LOQs, ranging from 5.6/18.7 pg μL-1 (4-Br-Pyr) to 15.6/52.1 pg μL-1 (2,7-

Br2-Phe). For APAHs, LODs/LOQs ranged from 3.3/11.0 pg μL-1 (1-methylfluorene) to 15.3/51.0 

pg μL-1 (1,2,5,6-tetramethylnaphthalene). 

Calibration standards for HPAHs were run randomly in triplicate with blanks injected between 

each concentration level to prevent carry-over in each subsequent set of injections. Slopes of the 

calibration curve for HPAHs had correlation coefficients (R2) that were all > 0.99 with p-values < 

0.05. Residual plots demonstrated data normality scattered around zero (data not shown). Taken 

together, the linear regression models obtained for each analyte were considered acceptable.31  

The accuracy of our one-step method for PAHs was determined by comparing the reported 

values in the CALA C18-1 and SRM-1944 samples to our measured values. Table 4.3 shows the 

results of these comparisons. While there are no universally accepted criteria for assessing method 

bias, our laboratory uses a systematic error (i.e., bias) threshold of ± 30% as being acceptable. This 

is consistent with the criterion used for acceptable limits for NIST interlaboratory analytical 

comparison studies.32 In generally, our measured values are all between 70–120% except for 

naphthalene (123.2%) and fluorene (57.1%). For HPAHs, our method accuracy was assessed by 

fortifying the DE with known amounts of HPAHs and comparing the measured values to fortified 

amounts. With the exception of 2,3,9,10-Br4-Ant, the accuracies for all HPAHs were all between 
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70-120%. The high bias observed for 2,3,9,10-Br4-Ant could be attributed to its very low response 

factor on GC-MS/MS which can sometimes make detection and quantification problematic.   

For our dSPE study, there were no statistically significant differences in recoveries for PAHs 

at the low and medium spiking level (Student t-test, p > 0.05) while for a few exceptions for 

recoveries of PAHs at the high dose were higher (Student t-test, p < 0.05) compared to the low and 

medium treatment levels. At the low and medium spiking levels, PAH recoveries ranged from 68.2 

to 116.4%. At the high dose, average recoveries for all 16 PAHs were 106% and 3 PAHs 

(acenaphthene, anthracene and fluorene) showed biases that were slightly greater than 30% (see 

Table 4.2). For HPAHs, all recoveries were determined to be in the range 60–120%, except 

2,3,9,10-Br4-Ant at the spiking level of 10 pg μL-1 (58.9%) and 500 pg μL-1 (56.6%). The low 

recovery of 2,3,9,10-Br4-Ant could be due in part to the quantification difficulty resulted from low 

response factor. The recoveries for APAHs at all spiking levels were generally higher than those 

of the HPAHs except for a few compounds were within the  30% desirable range. 

We compared the recoveries of PAHs in fish from our study to a similar study done using the 

QuEChERS method.16 Double-tailed, paired student t-tests were run for all PAHs at the respective 

spiking levels. For all of PAHs, all p-values had been found to be greater than 0.05, which implied 

that there is no statistical difference between the performance of the two methods. As mentioned 

earlier, there are no reports on the use of the QuEChERS for other PACs likely because of the 

difficulty in selecting a solvent system that would effectively be able to extract PACs that span a 

large range of KOW values like those examined in this study. 

In our one-step extraction study, precision (relative standard deviation, RSD) for PAHs were 

calculated using 6 separate extractions over 24 h (intraday), and over 3 consecutive days (interday). 
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They ranged from 5.7% to 16.6% (acenaphthylene and anthracene, intraday) and 6.7% to 25.4% 

(fluorene and benzo[b]fluoranthene, interday). The precision was lower than 20% for all HPAHs; 

intraday precision ranged from 3.4% to 19.0% (5,6-Br2-Ana and 1,5,9,10-Cl4-Ant); interday 

precision ranged 7.3% to 18.8% (9-Br-Phe and 7,12-Cl2-BaA). The repeatability for PAHs and 

HPAHs in our dSPE study were all lower than 20%. For APAHs, the repeatability values were all 

lower than 20%, except 2,6-dimethylnaphthalene at the spiking level of 10 pg μL-1 (34.3%). 

The ruggedness of our methods was tested by making small, purposeful changes to our 

adopted procedure. We selected what we felt to be steps that would have the potential to impact 

the quality of our analytical data the most. Despite the changes made, neither method showed any 

deterioration to the quality of the data and implies that both methods are robust.    

It is acknowledged that soil and/or sediment rich in elemental sulphur can compromise the 

quality of analytical data.33,34 This is especially true if sulphur is not efficiently removed from 

sample extracts prior to GC-injection. In our study we did not observe any of pernicious effects of 

sulphur implying that our 1 g of reduced copper in our ASE cell was effective at removing the 

sulphur present in our two test materials. Greater amounts of copper can be used to clean-up 

samples with higher sulphur content.  

 

4.5 Conclusions 

The overarching goal of developing new approaches to chemical analyses is to reduce sample 

processing times without compromising the quality of analytical data. Using ISO-accepted 

guidelines for generating data quality in analytical chemistry, we validated two approaches to 
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streamlining the processing of biota and abiotic samples for a wide range of PACs. For sediments, 

the one step in situ ASE extraction and clean-up method negated the need for further sample 

processing, with the exception of volume reduction. Similarly, for biota samples, lipid-free extracts 

were purified using the dSPE approach with alumina/silica as the dispersant. This approach 

eliminated the need for column chromatography and, unlike some dispersants used in the 

QuEChERS method, did not contain detectable amounts of any of our target analytes. The quality 

of the data generated in our validation procedures implied both methods can reduce resource 

requirements, compared to more classical methods, in addition to providing superior quality 

performance objectives.    
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Table 4.1: Method validation parameters for the analysis of PAHs and HPAHs GC-EI-MS/MS for one-step extraction study in 

sediment and soil. 

Compounds Working Range (pg μL-1) Accuracy (%) 
Precision (RSD %) 

LOD (pg μL-1) LOQ (pg μL-1) 
Intraday Interday 

PAHs 

Acenapthene 

10–100012 

71.6 11.3 7.0 0.6 1.8 

Acenapthylene 69.8 5.7 14.5 0.6 1.9 

Anthracene 90.1 16.6 14.8 1.9 6.3 

Benz[a]anthracene 76.1 10.8 11.9 1.0 3.5 

Benzo[a]pyrene 85.5 16.4 17.9 1.6 5.3 

Benzo[b]fluoranthene 78.7 10.4 25.4 0.5 1.5 

Benzo[g,h,i]perylene 95.5 16.2 16.6 1.7 5.8 

Benzo[k]fluoranthene 88.4 12.6 11.9 1.2 3.9 

Chrysene 88.9 13.0 13.2 0.9 2.8 

Dibenzo[a,h]anthracene 80.2 12.6 10.6 1.5 5.1 

Fluoranthene 77.5 13.2 12.7 0.8 2.5 

Fluorene 57.1 9.9 6.7 0.6 1.9 

Indeno[1,2,3-c,d]pyrene 82.8 12.2 14.8 1.9 6.2 

Naphthalene 123.2 9.7 18.0 0.9 3.1 

Phenanthrene 80.6 12.3 10.3 1.2 4.1 

Pyrene 71.2 13.1 15.0 0.8 2.8 

HPAHs 

1,2-Br2-Any 

10–500 

90.1 4.3 10.7 0.6 2.1 

1,4-Cl2-Ant 92.9 4.7 12.5 0.8 2.5 

1,5,9,10-Cl4-Ant 100.6 19.0 14.7 0.9 2.9 

1,5-Cl2-Ant 89.9 10.0 9.9 0.7 2.4 

1,6-Br2-Pyr 97.1 16.9 18.2 1.5 5.0 

1,8-Br2-Ant 94.4 7.5 18.5 0.9 2.9 

1-Br-Ant 77.7 8.1 14.8 1.5 5.1 

1-Cl-Ant 74.7 7.1 13.0 1.7 5.7 
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1-Cl-Pyr 82.4 9.6 14.0 2.1 7.1 

2,3,9,10-Br4-Ant 156.0 13.4 13.1 1.7 5.8 

2,7-Br2-Fle 90.8 7.0 11.8 1.3 4.4 

2,7-Br2-Phe 83.3 14.6 18.0 1.0 3.5 

2.7-Cl2-Fle 99.6 5.6 15.8 0.8 2.8 

2-Br-Ant 76.8 16.7 10.6 2.3 7.8 

2-Br-Fle 89.0 4.6 9.5 0.8 2.7 

2-Cl-Fle 87.8 6.5 7.7 0.5 1.6 

3-Br-Flu 101.1 6.2 17.4 0.8 2.8 

3-Br-Phe 85.2 3.9 9.7 0.6 2.0 

4-Br-BaA 78.9 11.7 17.3 1.8 6.1 

4-Br-Pyr 82.1 7.9 16.8 1.8 6.1 

5,6-Br2-Ana 87.7 3.4 14.2 0.6 1.9 

5-Br-Ana 83.1 9.2 9.9 0.9 3.0 

7,12-Cl2-BaA 81.0 11.1 18.8 0.9 3.1 

7-Cl-BaA 87.4 11.8 18.5 1.9 6.5 

9,10-Br2-Phe 85.7 17.8 14.6 0.6 2.1 

9-Br-1,5-Cl2-Ant 84.5 8.4 17.9 0.7 2.4 

9-Br-Phe 91.9 5.9 7.3 0.4 1.3 

9-Cl-Ant 73.0 12.6 13.9 1.7 5.6 

9-Cl-Phe 88.8 4.8 7.9 0.3 1.0 
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Table 4.2: Method validation parameters for the analysis of PAHs, HPAHs and APAHs using GC-EI-MS/MS for dSPE study in biota. 

Compounds 

Working 

Range 

(pg μL-1) 

Linearitya 

Spiking Level 
LOD 

(pg 

μL-1) 

LOQ 

(pg 

μL-1) 

10 pg μL-1 100 pg μL-1 500 pg μL-1 

Accuracy 

(%) 

Precision 

(RSD %) 

Accuracy 

(%) 

Precision 

(RSD %) 

Accuracy 

(%) 

Precision 

(RSD %) 

PAHs 

Acenapthene 

10–100012 

 85.0 4.8 93.4 11.7 130.9 2.2 2.1 7.1 

Acenapthylene  82.9 5.5 90.3 10.7 125.7 1.5 2.4 8.1 

Anthracene  82.5 11.6 90.6 7.0 133.4 4.0 5.1 16.9 

Benz[a]anthracene  71.7 5.8 75.5 12.1 99.5 2.4 2.2 7.4 

Benzo[a]pyrene  68.7 10.1 73.5 10.2 85.1 5.4 3.7 12.3 

Benzo[b]fluoranthene  68.2 5.9 74.1 12.1 95.4 3.9 2.2 7.2 

Benzo[g,h,i]perylene  75.7 3.8 81.3 10.8 89.8 2.2 1.5 5.0 

Benzo[k]fluoranthene  79.0 7.8 82.2 12.9 115.2 2.9 3.3 10.9 

Chrysene  87.9 5.2 89.9 9.9 120.9 1.2 2.4 8.1 

Dibenzo[a,h]anthracene  77.3 6.1 79.4 10.1 96.4 4.1 2.5 8.3 

Fluoranthene  85.6 5.1 88.8 10.7 101.4 4.1 2.3 7.8 

Fluorene  101.7 11.3 107.4 14.0 130.4 1.4 6.1 20.4 

Indeno[1,2,3-c,d]pyrene  70.8 4.1 77.6 11.7 95.0 3.8 1.6 5.2 

Naphthalene  116.6 5.4 75.2 8.1 75.4 9.7 3.3 11.1 

Phenanthrene  76.5 6.5 83.0 12.3 114.0 2.3 2.6 8.8 

Pyrene  81.5 4.7 83.5 9.8 102.2 2.4 2.0 6.7 

HPAHs 

1,2-Br2-Any 

10–1000 

0.997 72.9 12.0 92.7 10.0 64.1 8.2 8.9 29.6 

1,4-Cl2-Ant 0.996 95.8 12.8 106.2 10.4 77.6 7.0 12.4 41.4 

1,5,9,10-Cl4-Ant 0.993 83.6 15.1 97.1 11.9 67.7 10.1 12.8 42.6 

1,5-Cl2-Ant 0.998 111.0 13.6 115.2 10.0 91.0 7.5 15.3 51.1 

1,6-Br2-Pyr 0.995 95.2 15.7 113.0 12.6 89.8 9.0 15.2 50.6 

1,8-Br2-Ant 0.994 97.1 13.8 115.0 11.2 85.6 8.6 13.6 45.4 

1-Br-Ant 0.997 79.9 16.8 90.0 9.7 72.3 7.5 13.7 45.5 

1-Cl-Ant 0.997 93.7 13.2 109.6 9.7 81.6 6.3 12.6 42.0 
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2,3,9,10-Br4-Ant 0.992 58.9 10.6 83.1 15.0 56.6 18.8 6.3 21.1 

2,7-Br2-Fle 0.996 84.7 15.6 103.9 10.6 79.5 7.4 13.5 44.9 

2,7-Br2-Phe 0.996 98.0 15.7 112.9 10.6 89.6 7.2 15.6 52.1 

2.7-Cl2-Fle 0.997 81.5 15.8 93.8 10.3 71.9 6.5 13.1 43.5 

2-Br-Ant 0.995 75.3 15.6 92.2 11.5 71.7 7.2 11.9 39.7 

2-Br-Fle 0.997 79.7 15.9 92.8 9.8 72.8 6.2 12.9 42.9 

2-Cl-Ant 0.996 84.5 15.5 100.3 11.4 76.1 6.3 13.3 44.4 

2-Cl-Fle 0.997 72.0 14.9 86.4 9.4 63.8 4.8 10.9 36.4 

3-Br-Flu 0.996 92.3 16.1 106.4 10.3 84.2 8.0 15.1 50.3 

3-Br-Phe 0.997 84.3 15.1 96.7 10.1 74.2 6.5 12.9 43.1 

4-Br-BaA 0.993 105.5 12.7 117.1 14.6 104.4 7.9 13.6 45.4 

4-Br-Pyr 0.996 92.5 6.0 101.9 10.3 79.6 8.0 5.6 18.7 

5,6-Br2-Ana 0.992 60.6 17.1 84.6 13.2 71.1 8.4 10.6 35.2 

5-Br-Ana 0.997 91.4 13.3 100.0 9.9 78.6 5.8 12.3 41.1 

9,10-Br2-Ant 0.997 88.9 9.5 106.2 9.7 78.5 9.2 8.6 28.5 

9-Br-Phe 0.997 80.9 15.2 93.6 9.6 70.8 6.7 12.5 41.6 

9-Cl-Fle 0.996 87.9 16.2 89.4 19.0 109.0 9.2 14.5 48.2 

APAHs 

2-Methylnaphthalene 

2–50012 

 88.4 16.3 63.8 19.8 117.1 12.6 7.6 25.4 

1-Methylnaphthalene  79.5 18.4 63.1 16.7 113.6 10.8 7.7 25.8 

2,6-dimethylnaphthalene  158.0 12.3 66.5 11.9 102.5 15.5 10.3 34.5 

1,6-dimethylnaphthalene  137.5 19.0 82.4 14.6 114.8 9.8 13.8 46.2 

2,3,5-

trimethylnaphthalene 
 71.7 20.0 67.9 13.1 110.0 5.5 7.6 25.4 

1,2,5,6-

tetramethylnaphthalene 
 84.2 34.3 53.0 6.2 121.2 3.5 15.3 51.0 

1,4,6,7-

tetramethylnaphthalene 
 155.2 18.2 82.2 13.7 121.3 3.6 15.0 49.9 

3-Methylphenanthrene  137.3 19.4 75.9 13.0 126.7 3.8 14.1 47.1 

2-Methylphenanthrene  110.4 12.9 69.8 16.1 120.8 4.3 7.6 25.2 

9-Methylphenanthrene  123.1 17.4 71.6 15.3 119.8 3.9 11.4 37.9 

1-Methylphenanthrene  120.7 17.1 67.2 15.1 118.4 3.5 10.9 36.5 
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3,6-

Dimethylphenanthrene 
 114.6 17.4 69.2 14.5 107.6 4.5 10.6 35.3 

1,3-

Dimethylphenanthrene 
 99.3 16.3 66.5 15.4 107.3 3.8 8.6 28.6 

1,7-

Dimethylphenanthrene 
 110.5 15.2 66.2 12.9 107.8 4.5 8.9 29.7 

1,8-

Dimethylphenanthrene 
 117.3 15.7 67.5 13.2 110.7 4.9 9.8 32.5 

1,2,6-

trimethylphenanthrene 
 125.0 16.5 74.4 14.1 130.6 3.5 10.9 36.4 

Retene  132.4 16.3 71.6 11.4 119.5 3.8 11.5 38.2 

1,2,6,9-

tetramethylphenanthrene 
 133.7 14.3 72.5 14.0 124.0 5.8 10.2 33.9 

2-methylchrysene  137.0 17.8 85.2 14.9 138.2 13.0 12.9 43.0 

1,3,6-trimethylchrysene  131.1 18.6 84.6 12.8 131.7 9.0 12.9 43.0 

1-methylfluorene  72.1 8.6 78.0 8.6 82.8 4.0 3.3 11.0 

1,7-dimethylfluorene  84.7 9.3 90.9 6.6 79.6 3.7 4.2 13.9 

4-methylpyrene  71.9 11.6 72.2 7.4 84.0 5.5 4.4 14.8 

1-methylpyrene  64.1 11.6 63.6 6.2 79.3 3.9 3.9 13.2 

4,5-dimethylpyrene  72.1 15.2 74.3 13.6 81.4 10.9 5.8 19.4 

7-methylbenzo[a]pyrene  73.1 12.6 89.8 13.1 75.8 14.6 10.2 34.0 
aLinearity for PAHs and APAHs reported in Idowu et al.12   
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Table 4.3: Certified and measured concentrations (mean  standard deviation, mg/kg) of PAHs in CALA C18-1 and SRM 1944 

samples by GC-EI-MS/MS. 

Compound 

Certified/ Reference Concentrations (mg/kg) Measured Concentrations (mg/kg) 

SRM 1944 CALA C18-1 
SRM 19441 

(%)c 

CALA C18-11 

(%)c 

Acenaphthene 
0.39 ± 0.03b 

 

0.323 ± 0.02a 

 

0.22 ± 0.03 

(56.4%) 

0.231 ± 0.036 

(71.5%) 

Acenaphthylene 
n/a 

 

0.554 ± 0.05a 

 

0.80 ± 0.14 

(n/a) 

0.387 ± 0.031 

(69.8%) 

Anthracene 
1.13 ± 0.07b 

 

0.577 ± 0.03a 

 

1.14 ± 0.06 

(100.8%) 

0.520 ± 0.096 

(90.1%) 

Benz[a]anthracene 
4.72 ± 0.11a 

 

1.89 ± 0.08a 

 

3.15 ± 0.19 

(66.7%) 

1.439 ± 0.204 

(76.1%) 

Benzo[a]pyrene 
4.30 ± 0.13a 

 

1.77 ± 0.08a 

 

2.83 ± 0.25 

(65.8%) 

1.513 ± 0.290 

(85.5%) 

Benzo[b]fluoranthene 
3.87 ± 0.42a 

 

2.07 ± 0.2a 

 

2.97 ± 0.18 

(76.7%) 

1.628 ± 0.216 

(78.6%) 

Benzo[g,h,i]perylene 
2.84 ± 0.10a 

 

1.51 ± 0.07a 

 

2.42 ± 0.16 

(85.2%) 

1.443 ± 0.245 

(95.6%) 
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Benzo[k]fluoranthene 
2.30 ± 0.20a 

 

1.15 ± 0.08a 

 

1.98 ± 0.19 

(86.1%) 

1.016 ± 0.145 

(88.3%) 

Chrysene 
4.86 ± 0.10a 

 

2.03 ± 0.09a 

 

4.93 ± 0.29 

(101.3%) 

1.806 ± 0.264 

(89.0%) 

Dibenzo[a,h]anthracene 
0.424 ± 0.069a 

 

0.357 ± 0.02a 

 

0.63 ± 0.04 

(148.6%) 

0.286 ± 0.045 

(80.1%) 

Fluoranthene 
8.92 ± 0.32a 

 

5.05 ± 0.2a 

 

7.22 ± 0.44 

(80.9%) 

3.915 ± 0.668 

(77.5%) 

Fluorene 
0.48 ± 0.04b 

 

0.494 ± 0.04a 

 

0.25 ± 0.03 

(52.1%) 

0.282 ± 0.049 

(57.1%) 

Indeno[1,2,3-c,d]pyrene 
2.78 ± 0.10a 

 

1.56 ± 0.08a 

 

1.91 ± 0.10 

(68.7%) 

1.292 ± 0.190 

(82.8%) 

Naphthalene 
1.28 ± 0.04b 

 

4.67 ± 0.3a 

 

0.88 ± 0.11 

(68.8%) 

5.754 ± 0.453 

(123.2%) 

Phenanthrene 
5.27 ± 0.22a 

 

4.12 ± 0.2a 

 

4.59 ± 0.35 

(87.1%) 

3.321 ± 0.507 

(80.6%) 

Pyrene 
9.70 ± 0.42a 

 

3.61 ± 0.1a 

 

6.59 ± 0.39 

(67.9%) 

2.570 ± 0.474 

(71.1%) 

1Six replicate measurements;  
a Certified Mass Fractions;  
b Reference Mass Fraction;  

c % bias. 
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Chapter 5: Microbead Beating Extraction of Avian Eggs for 

Polycyclic Aromatic Compounds 

 

A version of this chapter has already been published as Zhe Xia, Ifeoluwa Idowu, Thor Halldorson, 

Amica-Mariae Lucas, Claire Stein, Manpreet Kaur, Thane Tomy, Chris Marvin, Philippe J. 

Thomas, Craig E. Hebert, Reyd A. Smith, Frederic Dwyer-Samuel, Jennifer F. Provencher and 

Gregg T. Tomy. Microbead beating extraction of avian eggs for polycyclic aromatic compounds. 
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5.1 Abstract 

Due to their relatively high trophic position and importance as a food source for many communities 

in the circumpolar north, seabird eggs are an important matrix for monitoring contaminant levels.  

In fact, many countries, including Canada, have established long-term seabird egg contaminant 

monitoring programs, with oil related compounds a contaminant of emerging concern for seabirds 

in several regions. Current approaches to measuring many contaminant burdens in seabird eggs 

are time-consuming and often require large volumes of solvent. Here we propose an alternative 

approach, based on the principle of microbead beating tissue extraction using custom designed 

stainless-steel extraction tubes and lids, to measure a suite of 75 polycyclic aromatic compounds 

(polycyclic aromatic hydrocarbons (PAHs), alkyl-PAHs, halogenated-PAHs and some 

heterocyclic compounds) comprising a wide-range of chemical properties. Our method was 

conducted in strict accordance with ISO/IEC 17025 guidelines for method validation. Accuracies 

for our analytes generally ranged from 70 – 120%, and intra and inter-day repeatability for most 

analytes were < 30%. Limits of detection/quantitation for the 75 target analytes were < 0.2/0.6 ng 

g-1. The level of contamination in our method blanks was significantly smaller in our stainless-

steel tubes/lids relative to commercially available high-density polypropylene plastic alternatives. 

Overall, our method meets our data quality objectives and results in a notable reduction in sample 

processing times relative to current approaches.   
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5.2 Introduction 

Tracking and monitoring of environmental pollutants can be carried out to study their fate and 

effects on biota. Long-term monitoring of contaminants can be used to understand how 

contaminants are transported through and between ecosystems.1 For example, tracking of mercury 

in biota across the Arctic has allowed researchers to understand that mercury produced at temperate 

latitudes can travel great distances via atmospheric and ocean currents which are then be deposited 

in the Arctic.2 In addition to studies focused on fate, contaminants monitoring can also be aimed 

at understanding the biological effects of contaminants. The impacts of contaminants can include 

a range of effects from biochemical to behavioural. Contaminants have been found to alter 

methylation of DNA in vertebrates, including alligators and fish.3,4 Increased concentrations have 

also been found to be associated with changes in the endocrine systems of polar bears.5 In common 

loons and fish, behavioural changes have been found to be associated with elevated levels of 

contaminants.6,7 Understanding environmental levels of chemicals and their biological effects are 

critical to informing policies and regulatory actions under international conventions and 

agreements aimed at mitigating and reducing any impacts. 

Several long-term monitoring programs in Canada use bird eggs as a relatively non-invasive 

and easy matrix to collect. These long-term monitoring programs have been used to inform how 

environmental contaminant concentrations change in relation to policy actions.8-10 For example, in 

the Laurentian Great Lakes region legacy contaminants have been tracked for almost 50 years 

using herring gull (Larus argentatus) eggs.11 Additionally, longitudinal studies of contaminants in 

eggs can be paired with environmental data in order to understand the transport of contaminants 

to biota.12 A recent study examining mercury concentrations in avian eggs from northern Alberta 

highlighted the important role of riverine transport in regulating mercury and exposure in gulls 
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and terns breeding downstream.13 In the Arctic, studies using seabird eggs across several 

oceanographic zones have demonstrated how the source of contaminants in the Arctic can differ 

by region and trends need to be considered within this context.14 

Some studies utilise wild eggs in lab-based studies to examine the impacts of defined doses 

of contaminants. For example, Braune et al. exposed seabird eggs collected from colonies in 

northern Canada to understand the concentrations of Hg that lead to embryonic malformations and 

egg non-viability.15 Other studies focus on using eggs from domesticated species to understand 

individual level impacts. One study used chickens to examine toxicity when birds ingest mercury 

through their food at different exposure lengths.16 Similarly, studies using domestic birds have 

tracked pollutants to better understand how contaminant burdens can vary across tissues and be 

used as proxies for each other.17 An important component of relating these studies to impacts on 

the environment is being able to relate the experimental concentrations associated with deleterious 

effects to environmentally relevant exposures in wildlife. 

Evaluating contaminant impacts is complicated by the fact that organisms are exposed to 

mixtures of chemicals that may have antagonistic, additive or synergistic effects. Furthermore, 

cumulative effects of contaminant exposure and environmental stressors are increasingly 

recognized as significant threat to some species experiencing sub-lethal exposures to 

anthropogenic contaminants. Of note is that environmental contaminants are not a stressor that act 

alone. For example, polar bears are at threat from both contaminants and climate change as 

warming temperatures are altering contaminant cycling in the Arctic and resultant exposure to 

chemicals in polar bear.18 Additionally, avian studies have shown that exposure to multiple 

stressors including contaminants and extreme temperatures, can influence avian reproductive 

behavior, with potential implications on population stability especially when combined with 
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predation pressures.19-21 Pathogens and contaminants can also interact, with recent work examining 

avian influenza in relation to mercury burdens in waterfowl found that higher mercury burdens 

were most associated with higher levels of infection of avian influenza.22  

Polycyclic aromatic compounds [PACs, defined here as the sum of polycyclic aromatic 

hydrocarbons (PAHs), halo- and alkyl-PAHs] are a well-known and complex class of contaminants 

that have been detected in many biological matrices, such fish, snail, otter, and avian eggs.23-28 

Current approaches for extraction of PACs from avian eggs involves the use of traditional liquid-

liquid extraction (LLE), Soxhlet extraction methods23-25 and the QuEChERS method.29 A major 

shortcoming of LLE can be the limited mass-transfer of the analyte from the matrix to the 

extraction solvent especially when aggressive agitation methods are not employed. Extractions 

based on Soxhlet are lengthy and typically employ large solvent volumes, which can potentially 

introduce contamination from impurities in the solvent. In our previous study, we highlighted a 

few concerns with the QuEChERS approach for PAHs analysis.30 For instance, QuEChERS is not 

suitable for analytes that cover a wide range of chemical properties, it is limited in sample size, 

and there are issues with PAH contamination from dispersant.31-36 

Microbead beating tissue homogenization has been used extensively in biomedical research to 

lysis or grind soft and hard biological material. The principle of operation is that tubes packed with 

microbeads (ceramic or stainless steel) and tissue material to be homogenized are agitated in 3-

dimensions. This multidirectional forceful motion results in homogenates that are fluidic in nature 

lending them to additional processing workflows. Based on this, we hypothesize that PACs can be 

efficiently extracted from avian eggs using microbead beating tissue homogenization with 

concomitant solvent extraction. Here we present the results of a controlled study to test our 
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hypothesis and examine the quality of our method performance objectives as well as present some 

of the potential pitfalls to be avoided.  

 

5.3 Materials and Methods 

5.3.1 Chemicals  

Organic solvents and anhydrous sodium sulphate were purchased from Fisher Scientific 

(Ottawa, ON). The suite of labelled internal standards used for recovery internal standard (RIS) 

were d8-naphthalene, d8-acenaphthylene, d10-acenaphthene, d10-fluorene, d10-phenanthrene, d10-

pyrene, d12-benz(a)anthracene, d12-chrysene, d12-benzo(b)fluoranthene, d12-benzo(k)fluoranthene, 

d12-benzo(a)pyrene, d12-indeno(1,2,3-c,d)pyrene, d14-dibenz(a,h)anthracene, and d14-

benzo(g,h,i)perylene. Labelled anthracene (d10-anthracene) was used as the instrument 

performance internal standard (IPIS). For the HPAHs, the abbreviations used here begin with the 

substitution positions of the halogen(s), followed by the substituted halogen atom and parent PAHs 

structure. The abbreviation of PAHs is listed below: naphthalene (Nap), acenaphthylene (Acy), 

acenaphthene (Ace), fluorene (Flu), phenanthrene (Phe), anthracene (Ant), fluoranthene (Flu), 

pyrene (Pyr), benzo[a]anthracene (BaA), chrysene (Chr), benzo[b]fluoranthene (BbF), 

benzo[k]fluoranthene (BkF), benzo[a]pyrene (BaP), benzo[g,h,i]perylene (BghiP), indeno[1,2,3-

c,d]pyrene (Ind), and dibenz[a,h]anthracene (DahA). The full list of abbreviations, details of target 

analytes and their suppliers can be found in Xia et al.30 
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5.3.2 Preparation of Reference Egg Samples  

To our knowledge, a standard reference material of avian eggs with known PAC concentrations 

is not commercially available. In light of this, we created our own in-house reference material.  

Chicken egg samples were purchased from a local retail store (Winnipeg, MB, Canada) and used 

to evaluate the performance characteristics of our method. Eggs were cracked, combined (n = 10) 

and homogenized using a Polytron extraction unit (Kinematica, Switzerland) in a stainless steel 50 

mL tube. Homogenates were aliquoted into separate tubes and spiked with known amounts of 

PACs to give final concentrations of 10, 100 and 500 pg μL-1 which equates to wet weight 

concentrations of 0.4, 4 and 20 ng/g, respectively. Non-spiked homogenates were used as our 

method blanks. These homogenates were used as our in-house reference material and subsequently 

stored at -80º C. To assess the utility of our method for the analysis of wild bird eggs, we analysed 

eggs collected in Nunatsiavut from wild common eiders (Somateria mollissima), black guillemots 

(Cepphus grylle), and great black-backed gulls (Larus marinus) were used to verify lipid extraction 

efficiencies. These birds were collected under scientific permits from the Nunatsiavut Government 

as part of an ongoing collaborative research program on the effects of oil pollution in the 

environment.  

5.3.3 Microbead Extraction 

Five (5.0 +/- 0.01 g) of the in-house egg reference material was weighed into 15 mL high-

density polypropylene microbead extraction tubes (MBETs, Bertin Technologies, Montingy-le-

Bretonneux, France) that contained either 0, 0.5, 1.0 or 2.5 g of ceramic microbeads. Eight (8) mL 

of dichloromethane (DCM) were added to the MBETs. Samples were extracted using a Precellys 

Evolution Homogenizer (Bertin Technologies, Montigny-le-Bretonneux, France) at 6500 rpm 
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with 3 cycles for 20 s and 120 s between the cycles (total time of 5 min). The MBETs were then 

centrifuged at 5000 rpm at 10°C for 10 min. The extract (bottom layer) was transferred to a 60 mL 

glass collection vial. The MBETs were rinsed with 2 × 8 mL DCM, vortexed for 1 min and 

centrifuged again at 5000 rpm at 10 °C for 10 min. The rinses were combined with the initial 

extract. After extraction, the extract was treated with sodium sulphate to remove moisture, and 

subsequently transferred to a 60 mL glass collection vial with 3 washes of hexane (~2 mL each). 

The sample volume was reduced to approximately 10 mL using a gentle stream of ultra-high purity 

(UHP) nitrogen. 500 μL of extracts were transferred to pre-weighed aluminium boats for lipid 

determination. Extracts (9.5 mL) were then reduced to 2.5 mL and transferred to a test tube. The 

glass tube was rinsed with 2 × 1 mL DCM, and rinses were combined with the extract. The volume 

of extract was adjusted to 5 mL using DCM.  

5.3.4 Automated Gel Permeation Chromatography 

Extracts (5 mL) were applied to the head of a GPC column (J2-scientific AccuPrep, Columbia, 

MO, USA) packed with 60 g of S-X3 Biobeads to remove excess lipids and protein. The following 

parameters were employed by the fully-automated system; injection volume: 5 mL; pressure: 8 psi; 

flow rate: 5 mL/min; mobile phase: hexane:DCM (1:1, v/v). The first 120 mL of effluent contained 

lipids and other biogenic material and was discarded. The fraction containing analytes eluted from 

125 – 250 mL and was collected in a 250 mL round bottom flask; the extract was reduced in 

volume to 200 µL via a Genevac Rocket Evaporator (Ipswich, Suffolk, UK) and nitrogen 

evaporation. The IPIS, d10-anthracene, was then added to the sample. Amber GC vials were used 

to store the samples under refrigeration at 4 °C until they were analyzed.   
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5.3.5 GC-MS/MS Conditions 

An Agilent 7890 GC coupled with a triple quadrupole Agilent 7000C mass spectrometer fitted 

with an electron ionization (EI) source was used for the MS/MS acquisition. Agilent J&W HP-

5ms ultra inert column (30 m × 0.25 mm × 0.25 µm) and helium was used as the carrier gas at a 

constant flow rate of 1.2 mL/min. 1 µL of sample was injected with a PAL RSI 85 auto sampler at 

250 °C in splitless mode. The oven temperature for PAHs and APAHs was held at 60 °C for 1 min 

then raised to 120 °C at 35 °C/min, further ramped up to 220 °C at 14 °C/min, to 260 °C at 3 °C/min 

and held for 5 min, 300 °C at 10 °C/min, and finally to 310 °C at 50 °C/min. For HPAHs, the oven 

temperature for PAHs was held at 60 °C for 1 min then raised to 210°C at 35 °C/min, further 

ramped up to 260 °C at 2 °C/min, 300 °C at 10 °C/min and held for 5 min, and finally to 325 °C 

at 50 °C/min and held for 5.5 min. Both transfer line and source temperature were set at 320 °C 

and UHP nitrogen was used as the collision gas at 60 psi. The quantification and confirmation ions 

and the multiple reaction monitoring (MRM) ion transitions for PACs can be found in Idowu et al. 

and Xia et al.30,37 

5.3.6 Quality Data Objectives  

The Eurachem Guide – The Fitness for the Purpose of Analytical Methods, explicitly states 

that performance characteristics for method validation, should include an assessment of detection 

limits, accuracy/recovery, precision, and ruggedness.38 

5.3.6.1 Detection Limits  

LOD/LOQs for our microbead extraction study were calculated by extracting our chicken egg 

reference sample (n = 8) fortified with 10 pg μL-1 PAHs, APAHs and HPAHs. The standard 
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deviations (s0) of signals for each target analyte were calculated and an adjusted standard deviation 

(s0’) as defined in the Eurachem Guide was calculated by the ratio s0’ = s0/√n. Finally, target 

analyte specific LODs were determined as 3* s0’, and LOQs as 10* s0’.
1 LODs and LOQs are 

reported on a mass-to-mass wet weight basis.38  

5.3.6.2 Accuracy 

For our microbead extraction validation study, our chicken egg reference sample (n = 8) used 

for accuracy tests, which were fortified with 10, 100 or 500 pg μL-1 PACs mixture. 

5.3.6.3 Precision   

Repeatability on our microbead extraction was calculated by extracting chicken egg reference 

samples fortified with 100 pg μL-1 PACs mixture and quantifying PACs in replicate over a 24 h 

period (intraday, n = 8) and over 3 consecutive days (interday, n = 4).  

5.3.6.4 Ruggedness  

The extraction efficiencies of microbead extraction were also compared to accelerated solvent 

extraction (ASE) method by chicken egg reference samples (n = 6) fortified with 100 pg μL-1 

PACs mixture and LLE method by chicken egg reference samples (n = 3) fortified with 10 pg μL-

1 PAHs. To test interference from high-density polypropylene plastic, 15 mL MBETs (n = 3) were 

pre-soaked in DCM for 24 h and sonicated 20 min prior to use. Un-soaked MBETs (n = 3) were 

used as blank. To test the efficiency of extracting lipid, egg of common eider (n = 12), black 

guillemot (n = 12), great black-backed gull (n = 12) and chicken (n = 3) were extracted by DCM 

and hexane using 2.5 g of microbeads, respectively and lipid content (% lipid, w/w) were 
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determined gravimetrically according to Idowu et al.37 Student t-tests (t = 0.05, two-tail) were run 

to determine if any of the changes results in statistically significant differences. 

 

5.4 Results and Discussion 

Because PACs are non-polar and partition into lipids, we chose to test the extraction 

efficiencies of lipids from different taxa of bird eggs using hexane and DCM using 1.0 g of 

microbeads. In general, smaller amounts of lipids were recovered in hexane compared to DCM 

(see Figure 5.1). Unsurprisingly, we also found that PACs were extracted more efficiently from 

egg tissue using DCM than hexane (data not shown). Our validation method therefore was based 

on DCM as the extracting solvent.  

It is acknowledged that plastic could be a source of contamination of PACs.39-41 Because our 

extraction method was tested using strongly non-polar organic solvents under vigorous agitation 

with microbeads, which likely leads to some level of heat formation, it is important to first test if 

the bead-beating approach results in any background contamination from the high-density plastic 

MBETs themselves. To test this, we added different masses of microbeads (0, 0.5, 1.0 and 2.5 g) 

into each tube, along with 8 mL of our extraction solvent and used our protocol as described in 

Section 5.3.3. Our study showed that increasing the mass of microbeads results in elevated 

amounts of some PACs measured in our method blanks i.e., DCM (see Figure IV.1). Additionally, 

the greater mass of microbeads also leads to greater deterioration of the lids of the tubes (see Figure 

IV.2). To reduce the leaching of PACs from the MBETs and lids, we pre-soaked both tubes/lids in 

DCM for 24 h and performed the extraction in an identical manner to tubes/lids that were unsoaked. 

Expectedly, PAC concentrations in our method blanks from tubes/lids that were pre-soaked were 

lower than tubes/lids that were unsoaked (see Table 5.1). Specifically, there were statistically 
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significant differences in concentrations for 6 PAHs and 7 APAHs in method blanks from pre-

soaked and unsoaked tubes/lids (Student t-test, p > 0.05, see Table 5.1). In addition, concentrations 

of 7 APAHs in our method blanks all exceeded 100 pg μL-1 irrespective if tubes/lids were pre-

soaked. Taken together, while pre-soaking tubes/lids greatly reduces the level of contamination of 

PACs in our method blanks, background levels of many PACs remained unacceptably high.  

To circumvent leaching of PACs from our extraction tubes, we customed machined stainless-

steel tubes/lids using the 15 mL commercially available high-density plastic tubes as a template 

(see Figure 5.2). To create a seal, Teflon inserts were placed inside the lids prior to fitting over the 

stainless-steel tube. Using the extraction protocol described in Section 5.3.3, we first determined 

if there were differences in lipid extraction efficiencies using 2.5 or 1.0 g of microbeads in our 

stainless-steel tubes. Because there was no statistical difference between either of the weights 

tested on lipid extraction efficiencies, we chose to perform all future tests using 1.0 g of ceramic 

microbeads in our stainless-steel tubes. PACs contamination in our method blanks from our 

stainless-steel tube/lids (n = 6) was assessed as described above. Background concentrations of all 

our PACs studied were significantly smaller using the stainless-steel tubes/lids relative to the high-

density plastic tubes, with PACs concentrations lower than the smallest spiking concentration used 

in our study (10 pg μL-1) (see Table 5.2). Furthermore, background concentrations of all PAHs 

except naphthalene were all smaller than their respective LODs. Recall that background 

concentrations of 7 APAHs from our high-density plastic MBETs were greater than 100 pg μL-1 

(see Table 5.1); using our stainless-steel tubes these concentrations were all smaller than their 

lowest respective calibration standard (i.e., 2 pg μL-1). Because we were satisfied with the small 

amount of PAC contamination arising from our stainless-steel tubes, we chose to perform our 
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validation studies using them and 1.0 g of ceramic microbeads. The following sections describe 

the data quality objectives of our method.  

The overall performance characteristics of the extraction protocol are shown in Table 5.3. 

LODs/LOQs for PAHs were all ≤ 4 ng g -1 and ranged from 0.019/0.062 ng g-1 (acenaphthylene) 

to 0.108/0.361 ng g-1 (naphthalene). The LODs/LOQs for HPAHs were all below 0.4 ng g-1 and 

ranged from 0.017/0.057 ng g-1 (1-Cl-Ant) to 0.109/0.363 ng g-1 (9,10-Br2-Ant). For APAHs, 

LODs/LOQs ranged from 0.025/0.084 ng g-1 (2-methylphenanthrene) to 0.190/0.634 ng g-1 (2-

methylnaphthalene). 

The accuracy of our extraction method for PACs was determined by comparing the measured 

values to the fortified amounts from our in-house chicken egg reference material which were 

created by fortifying eggs with known amounts of PACs at three levels (10, 100 and 500 pg μL-1).  

For PAHs in the 10 pg μL-1 spiking level, our measured values are all between the criteria set by 

Association of Official Agricultural Chemists (AOAC), 60–115%,42 except for acenaphthene 

(119.3%), benz[a]anthracene (118.6%), chrysene (120.7%), fluoranthene (123.4%) and 

naphthalene (115.8%). In the other two spiking levels, our results are also in good agreement with 

AOAC criteria. For HPAHs, recoveries ranged from 31.8% to 81.2%, 52.4% to 132.2% and 47.4% 

to 121.7% for 10, 100 and 500 pg μL-1 spiking level respectively; only about half of our measured 

results fall into the range of recovery set by AOAC, due in part to the fact there was no recovery 

correction to track the loss in the extraction procedure. The results for APAHs have a low bias 

especially for higher spiking levels, which could be a result of the lack of authentic recovery 

internal standards that are used to track the losses during the extraction process. 

The precision (relative standard deviation, RSD) for PAHs of our method were calculated 

using 8 separate extractions over 24 h (intraday), and 12 separate extractions over 3 consecutive 
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days (interday) on our chicken egg reference sample. They ranged from 3.8% to 14.1% 

(acenaphthene and phenanthrene, intraday) and 3.9% to 28.2% (acenaphthene and fluoranthene, 

interday); only the interday repeatability for 3 PAHs fell outside the AOAC expected precision 

criteria (15%),42 namely benzo[g,h,i]perylene (17.5%), fluoranthene (28.2%), and pyrene (21.8%). 

For all HPAHs, all the intraday precisions were lower than 20%, ranging from 9.1% to 17.3% (2-

Cl-Fle and 5,6-Br2-Ana, intraday) and 9.2% to 18.8% (2,7-Br2-Fle and 5,6-Br2-Ana, interday). For 

APAHs, most measured intraday repeatability was lower than 30%, except 4,5-dimethylpyrene 

(38.1%), 7-methylbenzo[a]pyrene (33.4%) and 7,10-dimethylbenzo[a]pyrene (39.3%). The major 

drawback of the validation data appears to be the repeatability for APAHs, especially for alkylated 

fluorene, alkylated dibenzothiophene, alkylated pyrene, and alkylated benzo[a]pyrene, which were 

injected in a separated injection without MRM transitions of authentic deuterated PAH surrogates. 

Deuterated PAH surrogates were used to estimate recovery, which was then applied to correct the 

loss of the closest eluting APAHs in extraction process.37 The lack of authentic internal standards 

and inability to use an isotope dilution method to accurately quantify APAHs likely contributed, 

in part, to the poorer precision in our data for these compounds.  

Patil et al. reported recoveries of nine PAHs from eggs which ranged from 69% 

(acenapthalene) to 112% (dibenz[a,h]anthracene) using a modified QuEChERs.29 Chung et al. 

used ultrasound-assisted solvent for the extraction of 35 PACs in black-tailed gull eggs.43 Although 

no assessment of blank contamination was presented, the overall performance characteristics of 

the method was similar to those reported here. Additionally, while both methods used similar 

volumes of extracting solvent, the extraction processing times for an individual sample using the 

Chung et al. method was ca. 70 min while for our method it was ca. 25 min. 
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Finally, the performance of our microbead method was compared to that of ASE using 

parameters described in a previous study.37 Overall, there were negligible differences in accuracy 

and repeatability between the methods (data not shown). However, the microbead method 

described here uses considerably less solvent than the ASE (16 mL vs 50 mL) and can 

simultaneously process 6 samples in ca. 25 min while the ASE takes ca. 40 min per sample.   

 

5.5 Conclusions  

Despite every effort to pre-clean commercially available high-density plastic tubes, there were 

still leaching issues which are especially problematic if measuring PACs at the sub-ppm levels. 

Also, because the microbead beating approach is aggressive, deterioration of the plastic caps and 

cap-liners does occur and likely contributes to PACs in method blanks. Soaking tubes and caps in 

DCM for 24 h did mitigate contamination issues but background levels of many PACs, specifically 

the APAHs, were greater than 100 pg μL-1. Our custom machined stainless-steel tubes/lids greatly 

reduced background contamination in our method blanks and enabled us to validate an extraction 

method for processing avian egg samples for a wide range of PACs even at the sub-ppm level.  

Because of its principle of operation, the microbead beating extraction led to high mass transfer of 

our analytes from fortified matrix into our extraction solvent resulting in high analyte recoveries. 

That our system is fully automated also makes it highly repeatable and less labour-intensive than 

traditional methods leading to faster sample processing times. We anticipate that our method will 

be amenable to other tissue-types where small sample weights need to be processed.  
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Table 5.1: Mean background concentrations (pg μL-1, n = 6) and % RSD of selected PACs arising from pre-soaked and unsoaked 

high-density MBETs. 

Compounds 

Pre-soaked MBETs Unsoaked MBETs 
Decreasing 

ratio  
Concentration 

(pg μL-1) 
% RSD 

Concentration        

(pg μL-1) 
% RSD 

Benz[a]anthracene 0.154 17.8 0.805 30.4 5.23 

Benzo[g,h,i]perylene 0.0932 56.5 1.12 27.5 12.1 

Chrysene 0.294 17.4 1.84 31.0 6.27 

Fluoranthene 1.57 40.8 6.86 16.6 4.36 

Naphthalene 9.04 16.7 12.4 2.76 1.37 

Pyrene 5.41 31.8 39.6 25.3 7.32 

2-Methylnaphthalene  216 29.6 379 15.8 1.75 

1-Methylnaphthalene  234 33.4 400 10.1 1.70 

C2-Dimethylnaphthalenea  221 36.1 414 9.45 1.88 

C3-Trimethylnaphthalenea  199 28.0 447 11.6 2.24 

3-Methylphenanthrene  163 48.1 398 29.3 2.45 

2-Methylphenanthrene  178 57.0 463 27.7 2.60 

C2-Dimethylphenanthrenea  117 44.4 891 29.9 7.62 

a The entire cluster of isomers were integrated and quantified. 
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Table 5.2: Mean background concentrations (pg μL-1, n = 6) and % RSD of PAHs arising from stainless-steel metal tubes. 

Compounds 
Concentration 

(pg μL-1) 
% RSD 

Acenaphthene <LOD 19.17 

Acenaphthylene <LOD 38.29 

Anthracene <LOD 66.15 

Benz[a]anthracene <LOD 18.54 

Benzo[a]pyrene <LOD 14.98 

Benzo[b]fluoranthene <LOD 9.29 

Benzo[g,h,i]perylene <LOD 50.85 

Benzo[k]fluoranthene <LOD 29.08 

Chrysene <LOD 28.78 

Dibenzo[a,h]anthracene <LOD 58.78 

Fluoranthene <LOD 37.23 

Fluorene <LOD 21.06 

Indeno[1,2,3-c,d]pyrene <LOD 54.53 

Naphthalene 4.52 9.19 

Phenanthrene <LOD 12.34 

Pyrene <LOD 34.35 
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Table 5.3: Method performance characteristics of our method for the analysis of PACs in chicken eggs using microbead beating 

extraction and GC-EI-MS/MS detection and quantitation. 

Compounds 

Working 

Range 

(pg μL-1) 

Spiking Level 

Interday 

Precision 

(RSD %) 

LOD 

(ng 

g-1) 

LOQ 

(ng 

g-1) 

10 pg μL-1 100 pg μL-1 500 pg μL-1 

Accuracy 

(%) 

Precision 

(RSD %) 

Accuracy 

(%) 

Precision 

(RSD %) 

Accuracy 

(%) 

Precision 

(RSD %) 

PAHs 

Acenapthene 

10 – 
100037 

119.3 13.9 111.8 3.8 113.4 2.4 3.9 0.070 0.234 

Acenapthylene 105.3 4.2 110.4 4.4 103.6 3.5 5.1 0.019 0.062 

Anthracene 84.6 11.4 70.6 11.4 53.4 5.2 14.5 0.041 0.137 

Benz[a]anthracene 118.6 9.7 106.1 4.9 108.4 2.6 4.3 0.049 0.163 

Benzo[a]pyrene 81.0 12.2 73.1 7.9 70.7 3.2 6.6 0.042 0.140 

Benzo[b]fluoranthene 99.6 12.5 75.6 7.4 72.1 4.0 7.6 0.053 0.176 

Benzo[g,h,i]perylene 86.8 6.4 77.7 6.0 82.5 1.4 17.5 0.024 0.079 

Benzo[k]fluoranthene 115.0 19.7 89.4 13.0 91.3 7.5 11.3 0.096 0.321 

Chrysene 120.7 14.9 131.6 4.0 130.5 7.1 6.2 0.076 0.255 

Dibenzo[a,h]anthracene 69.5 14.6 82.2 12.4 81.8 10.2 13.1 0.043 0.143 

Fluoranthene 123.4 15.2 106.9 6.1 112.5 6.2 28.2 0.080 0.266 

Fluorene 70.1 10.8 126.4 7.0 118.6 5.1 11.2 0.032 0.107 

Indeno[1,2,3-c,d]pyrene 74.7 14.8 79.3 4.0 85.3 2.9 10.0 0.047 0.156 

Naphthalene 115.8 22.0 83.8 13.3 91.9 3.3 11.4 0.108 0.361 

Phenanthrene 90.5 23.6 95.1 5.6 96.4 2.4 11.2 0.091 0.303 

Pyrene 98.2 15.1 91.1 14.1 112.1 7.3 21.8 0.063 0.210 

HPAHs 

1,2-Br2-Any  37.4 19.5 65.5 11.7 61.5 4.3 13.7 0.031 0.103 
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1,4-Cl2-Ant  

10 – 
100030 

67.6 14.6 124.5 9.6 111.4 6.1 10.4 0.042 0.140 

1,5,9,10-Cl4-Ant  46.2 25.4 87.0 16.9 80.7 10.1 18.0 0.050 0.166 

1,6-Br2-Pyr  39.8 21.5 132.2 13.4 121.7 5.3 14.7 0.036 0.121 

1-Br-Ant  66.2 12.9 103.9 10.2 92.7 6.0 10.9 0.036 0.120 

1-Cl-Ant  31.8 12.6 52.4 9.4 47.4 5.9 10.0 0.017 0.057 

2,7-Br2-Fle  49.1 19.8 112.7 9.9 100.7 6.0 9.2 0.041 0.138 

2,7-Br2-Phe  51.4 21.8 112.2 10.7 102.0 4.9 10.4 0.047 0.158 

2,7-Cl2-Fle  66.2 16.2 105.6 9.6 95.5 5.9 9.8 0.045 0.152 

2-Br-Fle  46.4 10.6 88.7 10.3 77.5 6.3 9.3 0.021 0.070 

2-Cl-Fle  63.7 7.6 86.2 9.1 78.3 5.8 10.8 0.021 0.069 

3-Br-Flu  75.4 25.4 120.8 10.4 107.2 5.5 11.1 0.081 0.271 

3-Br-Phe  65.7 11.1 105.4 9.8 94.7 5.7 11.9 0.031 0.103 

4-Br-BaA  61.8 22.1 124.3 11.2 114.8 4.7 13.5 0.058 0.194 

4-Br-Pyr  81.2 21.7 117.3 10.9 103.7 5.0 11.5 0.075 0.250 

5,6-Br2-Ana  33.8 33.1 61.5 17.3 55.7 9.1 20.7 0.047 0.158 

5-Br-Ana  57.8 11.6 89.1 9.5 80.6 5.3 10.8 0.028 0.095 

9,10-Br2-Ant  59.6 43.1 112.1 11.0 101.8 4.9 10.4 0.109 0.363 

9-Cl-Fle  51.3 12.4 60.3 11.6 59.7 7.3 18.1 0.027 0.090 

APAHs 

2-Methylnaphthalene  

2 – 50037 

111.0 40.4 38.0 15.0 39.8 10.2 13.1 0.190 0.634 

1-Methylnaphthalene  109.5 19.6 38.2 10.0 37.2 9.2 7.5 0.091 0.303 

2,6-Dimethylnaphthalene  51.0 26.3 49.4 5.5 51.9 8.8 11.1 0.057 0.190 

1,6-Dimethylnaphthalene  73.9 14.2 68.5 5.5 64.0 8.4 10.8 0.045 0.148 

2,3,5-Trimethylnaphthalene 75.1 24.5 76.1 6.5 92.2 7.9 15.4 0.078 0.260 

1,2,5,6-

Tetramethylnaphthalene 
70.8 21.3 69.1 6.7 75.3 10.7 29.8 0.064 0.213 

1,4,6,7-

Tetramethylnaphthalene 
62.3 19.6 58.6 6.4 63.9 10.4 29.1 0.052 0.173 

3-Methylphenanthrene  22.3 27.7 59.7 10.7 63.6 11.9 25.6 0.026 0.088 

2-Methylphenanthrene  29.0 20.5 53.5 10.9 56.7 11.6 24.6 0.025 0.084 
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9-Methylphenanthrene  36.7 43.4 62.1 10.7 70.2 12.3 22.9 0.068 0.225 

1-Methylphenanthrene  29.1 40.8 53.2 10.6 57.4 11.5 26.2 0.050 0.168 

3,6-Dimethylphenanthrene  41.8 44.8 56.1 9.0 68.1 14.7 20.7 0.080 0.265 

2,6-Dimethylphenanthrene  47.8 45.1 58.0 9.6 62.7 14.6 15.9 0.091 0.305 

1,3-Dimethylphenanthrene  27.5 26.5 59.0 11.2 70.1 12.8 14.2 0.031 0.103 

1,7-Dimethylphenanthrene  63.4 33.4 67.8 8.8 78.0 13.4 14.1 0.090 0.299 

1,8-Dimethylphenanthrene  62.8 23.3 62.8 9.3 71.5 11.5 18.2 0.062 0.207 

1,2,6-

Trimethylphenanthrene  
76.9 21.5 64.4 6.3 74.7 8.4 14.1 0.070 0.233 

Retene  63.6 27.0 62.2 7.3 78.0 9.8 18.4 0.073 0.243 

1,2,6,9-

Tetramethylphenanthrene  
74.5 13.8 125.3 9.9 157.3 10.7 24.4 0.044 0.145 

Benzo[b]naphtho[1,2-

d]thiophene 
103.2 16.4 91.1 6.7 85.6 6.4 10.1 0.072 0.239 

Benzo[b]naphtho[2,3-

d]thiophene 
146.0 14.2 118.3 9.7 95.0 10.1 12.7 0.088 0.292 

2-Methylchrysene  51.8 17.0 64.3 17.7 46.8 9.1 19.3 0.037 0.124 

7,12-

Dimethylbenz[a]anthracene  
47.2 14.3 61.8 8.0 58.6 8.0 12.6 0.029 0.095 

1,3,6-Trimethylchrysene  36.8 39.0 70.0 8.2 67.9 10.3 4.7 0.061 0.203 

1-Methylfluorene  48.5 38.3 96.9 25.5 53.8 18.7 37.5 0.079 0.263 

Dibenzothiophene  36.0 46.1 57.6 23.1 37.1 16.2 23.5 0.070 0.234 

9-n-Propylfluorene  106.6 23.0 71.7 24.0 44.6 15.5 27.8 0.104 0.347 

1,7-Dimethylfluorene  100.2 22.1 75.2 27.0 49.7 16.9 40.6 0.094 0.313 

4-Methyldibenzothiophene  53.9 51.1 80.8 24.5 50.8 16.2 24.0 0.117 0.389 

9-n-Butylfluorene  106.1 17.7 83.7 23.9 51.7 15.5 26.5 0.080 0.266 

2,8-

Dimethyldibenzothiophene  
76.5 16.9 60.0 26.8 38.0 14.8 22.8 0.055 0.183 

2,4,7-

Trimethyldibenzothiophene 
95.5 40.3 87.7 28.3 54.5 14.6 31.4 0.163 0.544 

4-n-Butyldibenzothiophene 78.8 49.0 96.9 27.6 60.3 14.2 28.1 0.164 0.546 



164 
 

4-Methylpyrene  145.7 12.6 104.8 27.4 65.1 16.0 28.6 0.078 0.259 

1-Methylpyrene  48.1 70.1 92.6 30.0 56.8 16.7 31.5 0.143 0.477 

1-n-Propylpyrene 113.8 26.3 101.6 27.1 63.2 13.2 27.4 0.127 0.423 

4,5-Dimethylpyrene  142.6 30.2 88.9 38.1 37.0 11.6 50.7 0.183 0.609 

1-n-Butylpyrene 163.4 27.1 111.1 27.8 66.4 11.6 27.2 0.188 0.625 

7-Methylbenzo[a]pyrene  106.4 14.0 52.8 33.4 43.5 16.9 48.2 0.063 0.211 

7,10-

Dimethylbenzo[a]pyrene  
120.1 35.8 64.0 39.3 36.3 22.3 44.3 0.182 0.608 
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Figure 5.1: Mean lipid percent ± standard deviation (n = 12) recovered from egg samples of 

various avian species extracted using hexane and DCM. 
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Figure 5.2: Custom designed 15 mL stainless-steel tube with lid fitted with a Teflon septum. 
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Chapter 6: Comparison of Different Approaches to Quantify 

Substituted Polycyclic Aromatic Compounds 

 

A version of this chapter has already been published as Ifeoluwa G. Idowu, Zhe Xia, Courtney D. 

Sandau, Michelle Misselwitz, Chris Marvin, Philippe Thomas, Gregg T. Tomy. Comparison of 

different approaches to quantify substituted polycyclic aromatic compounds. Journal of 

Chromatography A, 2021, 1651, 462317. Copyright © 2021. B.V. Elsevier. Reprinted with 

permission. 
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6.1 Abstract 

Unlike native polycyclic aromatic hydrocarbons (PAHs), quantitation of substituted polycyclic 

aromatic compounds (PACs) has been a challenge in the environmental industry. The challenge 

can be attributed in part to the large number of theoretically possible isomers and the lack of 

authentic standards for quantitation. In addition, the lack of a unified approach to the quantitation 

of these compounds has led to poor interlaboratory accuracy. Because these compounds are often 

used for toxicology studies or to delineate sources and fingerprinting, it is vital that a standardized 

approach to quantifying them is established. This study evaluated different quantitation approaches 

to quantifying both 16 individual PACs and 32 groups/clusters of substituted PACs in three 

standard reference materials (SRM 1944 - New York / New Jersey waterway sediments, SRM 1597 

- a coal tar sample and SRM 2779 - Gulf of Mexico crude oil). The methods employed include: (1) 

external calibration taking into account recovery correction factor for each analyte, (2) an average 

relative response factor (ARRF) of PACs obtained with a recovery correction, (3) ARRF of PACs 

obtained using uncorrected peak areas (i.e., no recovery correction), (4) ARRF of PACs calculated 

by normalization to deuterated PAHs and (5) ARRF of native PAHs to quantify substituted PACs. 

The evaluation of concentrations of individually substituted PACs from the different quantitative 

approaches compared to the certified/reference values showed that methods 1, 2 and 3 performed 

best.  The average percentage of compounds that fell within our acceptable limit (± 30%) using 

methods 1, 2 and 3 for SRM-1944, -1597 and -2779 was 87, 75 and 100%, respectively. and 

resulted in concentrations within the acceptable limit (± 30%) for most of the compounds evaluated. 

Using native PAHs to quantify their substituted analogs resulted in data of the poorest quality. 

Irrespective of the approach used, there were significant systematic errors in measurements on 

clusters/groups PACs most notably C1- and C2- benzanthracenes/chrysenes/triphenylenes, and C2- 
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and C3-dibenzothiophenes being consistently greater than 100% of the stated value. Commercial 

availability of more substituted PAC will mitigate the biases associated with the quantitation of 

PAC clusters/groups. 

 

6.2 Introduction 

Polycyclic aromatic compounds (PACs) are ubiquitous environmental pollutants commonly 

found in crude oil/petroleum, creosote, sediments, coal tar, and also associated waste.1-4 Due to 

their ubiquity, toxicity and their usefulness in source identification considerable attention has been 

given to them by the scientific community.1,5-9 Polycyclic aromatic compounds have a similar 

backbone structure to polycyclic aromatic hydrocarbons (PAHs), however, substitutions can occur 

on one or more of the rings (e.g., alkyl, halogens) or within the ring itself (e.g., N-, S-, O-atoms).10-

13 Substitutions on the ring(s) leads to a large number of theoretically possible compounds which 

leads to the inherent complexity associated with this class of compounds.14    

Evaluation of the environmental toxicity, risk, and source apportionment of PACs is often 

hampered by challenges associated with their identification and quantification.2,12,15,16 Two of the 

main challenges that the analytical chemist face in measuring the occurrence and concentrations 

of these compounds are the lack of commercially available authentic standards and the large 

number of theoretically possible isomers.12,14 Wilton listed other factors that can lead to poor data 

quality: (i) the use of a single ion detection method (i.e., single/selective ion monitoring technique 

– SIM), (ii) difficulty in identifying and integrating the correct homolog peaks and (iii) interference 

of compounds that elute within the same retention time window.16-18 Numerous studies have 

examined approaches to accurately quantify these compounds.18-21 
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Naturally, the lack of a standardized/unified approach to quantifying PACs has led to 

variability in environmental measurements among laboratories. For example, in an interlaboratory 

comparison study to support work related to the Deepwater Horizon natural resource damage 

assessment, there was a higher variability in the data for alkyl-PAC measurements compared to 

PAHs among participating laboratories.17,20,22 Also, the common practice to employ 

single/selective ion monitoring for PACs, especially the C2 to C4 homologues, provides lower 

degree of confidence in identification of retention time window and estimated 

concentrations.16,17,20 Adopting a unified approach to quantifying PACs will minimize inter-

laboratory variability and lead to more reliable measurements which is vital to environmental risk 

assessments and forensics studies.  

While several studies have largely examined data acquisition challenges to address 

interlaboratory variability, there is a paucity of information on comparing different PAC 

quantitative approaches and the subsequent impact on data quality. This study attempted to address 

this critical data-gap and examined a variety of different quantitative approaches to determining 

PACs in environmental samples. Three standard reference materials (SRMs) were selected for our 

study: SRM 1944 – New York / New Jersey waterway sediments, SRM 1597 – a coal tar sample 

and SRM 2779 which is a Gulf of Mexico crude oil. The accuracy and precision of each method 

was compared to the certified or reference values as reported in the certificate of analysis for each 

SRM. It should be noted that the reference values provided for SRMs are from multiple 

laboratories, likely using a variety of quantification methods. Therefore, these reference values 

represent the average of the methods employed by the laboratories that provided results for the 

SRM characterizations. Our studies were performed in an ISO/IEC 17025:2017 accredited 

laboratory and adhered to the strict guidelines for obtaining meaningful data quality objectives.   
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6.3 Materials and Methods 

6.3.1 Materials   

Organic solvents used for this study were purchased from Fisher Chemicals (Ottawa, Ontario, 

Canada). Various analytical standards were employed including sixteen (16) unsubstituted PAHs 

as a native mix, deuterium mass labeled d10-anthracene, d8-naphthalene, d8-acenaphthylene, d10-

acenaphthene, d10-fluorene, d10-phenanthrene, d10-pyrene, d12-benz(a)anthracene, d12-chrysene, 

d12-benzo(b)fluoranthene, d12-benzo(k)fluoranthene, d12-benzo(a)pyrene, d12-indeno(1,2,3-

c,d)pyrene, d14-dibenzo(a,h)anthracene, d14-benzo(g,h,i)perylene and twenty-eight (28) individual 

substituted PACs as presented in Table V.1. All standards were > 98% purity and purchased from 

AccuStandard Inc., New Haven, Connecticut, USA and Chiron Chemicals, Trondheim, Norway. 

An isotope dilution internal standard (IDIS) consisted of 15 of the 16 deuterated PAHs while the 

16th compound, d10-anthracene, was used as the instrument performance internal standard (IPIS). 

The standard reference materials, SRM 1944 – New York / New Jersey waterway sediments, SRM 

1597 – a coal tar sample and SRM 2779 Gulf of Mexico crude oil were purchased from the 

National Institute of Science and Technology (NIST Gaithersburg, Maryland, USA). Silica gel 

(923 grade, 100–200 mesh), alumina (60–325 mesh), and anhydrous sodium sulfate were all 

purchased from Fisher Chemical. Diatomaceous earth (DE) dispersant was purchased from Fisher 

Scientific (Ottawa, ON).  
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6.3.2 Sample Processing  

6.3.2.1 New York / New Jersey Waterway Sediments (SRM 1944) 

An accurately weighed amount of SRM 1944 (0.5 g, n = 7) was mixed with DE dispersant 

and packed into a 10 mL ASE cell. The cell was then packed with Ottawa Sand to fill the dead 

volume and subsequently spiked with IDIS (50 ng µL-1, 10 µL) Procedural blanks (n = 6) were 

prepared by only using DE dispersant and Ottawa Sand. Dichloromethane (DCM) was used as the 

extracting solvent; details of the ASE parameters can be found in Idowu et al.24 The extract 

obtained from the ASE was then transferred to a round bottom flask and carefully reduced to 2 mL. 

Reduced copper (~ 0.5 g) was added to the extract to remove any elemental sulfur that might be 

present. The extract was solvent exchanged into hexane and then carefully reduced to 1 mL under 

a gentle stream of UHP nitrogen. Extracts were then added to the head of an adsorption 

chromatography column that contained 11 g silica gel in the bottom, followed by 1 g of deactivated 

alumina, and topped with 1 g of Na2SO4 as the stationary phase. The elution of compounds was 

performed with solvents of increasing polarity starting with 25 mL of hexane for non-polar/saturate 

fraction and afterward, 25 mL DCM: Hexane (1:1, v/v) to elute the PAC fraction. The PAC 

fractions were then evaporated to 1 mL, fortified IPIS (50 ng µL-1, 10 µL), and transferred to GC 

vials.   

6.3.2.2 Gulf of Mexico Oil (SRM 2779) 

An accurately weighed amount of SRM 2779 (0.01 g, n = 5) was spiked with IDIS (10 ng 

µL-1, 10 µL) and cleaned up using a silica/alumina open column chromatography as described 

previously. The PAC fraction was then evaporated to1 mL, spiked with IPIS (10 ng µL-1, 10 µL), 

and transferred to GC vials.   
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6.3.2.3 Coal Tar (SRM 1597a) 

An accurately weighed amount of SRM 1579a (0.01 g, n = 3) was dissolved in DCM, 

sonicated for 20 min and then diluted to 1 mL in a volumetric flask with hexane. This solution was 

also spiked with IDIS (10 ng µL-1, 10 µL) and IPIS (10 ng µL-1, 10 µL) before sample injection.  

6.3.3 Gas Chromatography Tandem Mass Spectrometry 

An Agilent 7890a GC coupled with a triple quadrupole mass spectrometer fitted with electron 

ionization (EI) source was used for the MS/MS acquisition. Chromatographic separation was 

achieved using an Agilent J&W HP-5ms ultra inert column (30 m × 0.25 mm × 0.25 µm), with 

helium as the carrier gas at a constant flow rate of 1.2 mL/min. 1 µL of sample was injected with 

a PAL RSI 85 auto sampler at 250 °C in splitless mode for all SRM analyzed. The oven temperature 

was held at 60 °C for 1 min then raised to 120 °C at 35 °C/min, further ramped up to 220 °C at 

14 °C/min, 260 °C at 5 °C/min and held for 5 min, to 300 °C at 10 °C/min and finally to 310 °C at 

50 °C/min. Both transfer line and source temperature were set at 320 °C. Multiple reaction 

monitoring (MRM) precursor → product ion transitions were used for all analytes. To improve 

detection limits, pseudo-MRM transitions were used for indeno(1,2,3-c,d)pyrene, 

dibenz(a,h)anthracene and benzo(g,h,i)perylene; details of MRM transitions are as described in 

Idowu et al.23   

6.3.4 Description of Approaches to Quantification 

6.3.4.1 Quantitation of PAHs in SRMs 

The concentration of PAHs in the SRM materials were determined using the isotope dilution 

method of quantitation. The first step in this approach is to determine the relative response factors 
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(RRFs) of native PAHs relative to their deuterated analogs over a prescribed concentration range 

of the native species. Standard solutions of 16 native PAHs at nominal concentrations of 10, 200, 

400, 600, 800, and 1000 pg µL-1 (n = 3 or more in each case) were individually spiked with their 

d-PAH surrogates (100 pg µL-1). To account for small systematic errors that may arise from 

fluctuations in injection volumes and ionization efficiencies between injections, a known amount 

of IPIS (100 pg µL-1) is added to all the standard solutions (and samples) which is then used to 

calculate the percentage recovery and to normalize the response of the target analytes. The relative 

response factor (RRF) of native PAH at each concentration level is determined and then an average 

RRF (ARRF) is calculated across the entire concentration range. The ARRF is then used to 

calculate the concentration of native PAHs in the sample.   

6.3.4.2 Quantitation of PACs in SRMs 

Five different approaches were used to quantify substituted PACs. Differences in each of the 

methods lie primarily in the way the response of the PAC group/cluster is related to an external 

standard. In instances where multiple isomers exist for a substituted PAC, the approach to 

quantitation requires prudent selection of an authentic substituted PAC as the external standard. 

Admittedly, this can be somewhat subjective and often based on commercial availability of 

solutions. In addition, where multiple isomers exist for a PAC grouping, the accepted approach is 

to sum the electronically integrated areas of all the isomers in the MRM ion channel from samples 

and compare it to the area of judiciously selected external standard(s) as shown in Table V.2.24,25 

By way of an example, 3-methyl-phenanthrene is used to quantify the C1 

phenanthrenes/anthracenes group. The implicit assumption with this approach is that the response 

factors of all substituted PACs in the group are similar to 3-methyl-phenanthrene. Others have 
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shown that it is unrealistic to assume this is the case but in the absence of chromatographic 

separation of all isomers in a PAC group and lack of availability of all isomers this is the most 

reasonable and best approach.24,26 In those instances where no representative standard for a 

particular substituted PAC group existed, we selected the structurally closest isomer available to 

serve as its external standard. For example, 4,5-dimethyl-pyrene was used to quantify all the 

isomers in the C3 pyrene group. As stated above, the total electronically integrated area of the ion 

signals of an MRM characteristic of a specific PAC group was compared to the response of the 

external standard selected for quantitation. We will begin by describing our approach to 

quantifying individual and group PAC isomers using external standardization.   

Differences in the choice and approach to treating the electronically integrated areas and how 

they are compared to the external standards will now be described.  

6.3.4.2.1 Method 1 

In this approach, a calibration curve is generated using standard solutions containing 

individual substituted PACs at nominal concentrations of 2, 100, 200, 300, 400 and 500 pg/µL 

each spiked with IPIS (100 pg µL-1). Corrected peak areas (i.e., area of native species corrected to 

area of IPIS) and nominal concentrations are plotted to give slopes and intercepts for each 

individual substituted PAC standard. These slopes and intercepts are then used with the corrected 

peak areas of sample extracts to obtain the concentrations of an individual substituted PAC.  

Potential loss of analyte during sample processing is the last consideration that we account for 

when quantifying analytes using the external standardization method. Here a solution containing 

mass labeled PAHs are spiked into the sample prior to processing and any losses observed are used 

to correct for losses of the target PAC. We selected the mass labeled PAH eluting closest to the 
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PAC isomer or group to correct for potential losses. It could be argued that the unsubstituted mass 

labeled PAH could also be used to quantify its substituted analog, however, we chose to use the 

mass labeled compound eluting closest to the substituted group of interest.23 Table V.4 shows the 

closest eluting mass labeled PAHs for each group of substituted PACs grouping.  

The next four methods rely on different approaches using the relative response factors to 

quantify PACs. The first step is to calculate response factors of individually substituted PACs over 

a concentration range (2, 100, 200, 300, 400, 500 pg µL-1) relative to an internal standard (IS) and 

then uses an ARRF over the entire calibration range to calculate the concentration of PACs in 

samples. 

The RRF for PACs is obtained using Equation 6.1. 

𝑅𝑅𝐹 𝑆𝑢𝑏𝑠𝑡𝑖𝑡𝑢𝑒𝑑 𝑃𝐴𝐶 =
(

𝐴𝑟𝑒𝑎𝑠𝑢𝑏𝑠𝑡𝑖𝑡𝑢𝑡𝑒𝑑 𝑃𝐴𝐶𝑠
𝐴𝑟𝑒𝑎 𝐼𝑛𝑡𝑒𝑟𝑛𝑎𝑙 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑

)

(
𝐶𝑜𝑛𝑐𝑆𝑢𝑏𝑠𝑡𝑖𝑡𝑢𝑡𝑒𝑑 𝑃𝐴𝐶𝑠

𝐶𝑜𝑛𝑐 𝐼𝑛𝑡𝑒𝑟𝑛𝑎𝑙 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
)
  Equation 6.1 

Using the ARRF, concentrations (mass per volume) of both individual and group substituted 

PACs in each sample extract can be determined using Equation 6.2. 

𝐸𝑥𝑡𝑟𝑎𝑐𝑡 𝐶𝑜𝑛𝑐𝑠𝑢𝑏𝑠𝑡𝑖𝑡𝑢𝑡𝑒𝑑 𝑃𝐴𝐶  (
𝑝𝑔

𝜇𝐿
) =  [

(
𝐴𝑟𝑒𝑎𝑆𝑢𝑏𝑠𝑡𝑖𝑡𝑢𝑡𝑒𝑑 𝑃𝐴𝐶

𝐴𝑟𝑒𝑎 𝐼𝑆
)

𝐴𝑅𝑅𝐹𝑆𝑢𝑏𝑠𝑡𝑖𝑡𝑢𝑡𝑒𝑑 𝑃𝐴𝐶
] ×  𝐶𝑜𝑛𝑐𝐼𝑆  Equation 6.2 

Finally, concentrations of individual and group substituted PACs (on weight-to-weight basis) 

can be determined using the equation by Equation 6.3. 

𝑆𝑢𝑏𝑠𝑡𝑖𝑡𝑢𝑡𝑒𝑑 𝑃𝐴𝐶 (
𝑛𝑔

𝑔
) =

(
𝐸𝑥𝑡𝑟𝑎𝑐𝑡 𝐶𝑜𝑛𝑐 𝑆𝑢𝑏𝑠𝑡𝑖𝑡𝑢𝑡𝑒𝑑 𝑃𝐴𝐶  × 𝑉𝐸𝑥𝑡𝑟𝑎𝑐𝑡 (μ𝐿)

𝑆𝑎𝑚𝑝𝑙𝑒 𝑚𝑎𝑠𝑠 (𝑔)
)

(1000 𝑝𝑔 𝑛𝑔)⁄
 

Equation 6.3 

 

The choice of internal standard used in the equations above led to four (4) different 

quantitation approaches each described below in detail.  
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6.3.4.2.2 Method 2  

This method normalizes the response of the selected substituted PAC standard to the IPIS (d10-

anthracene) which is added to samples prior to GC-injection. The ARRF is determined over a range 

of concentrations (2, 100, 200, 300, 400, 500 pg µL-1) that is used to calculate the concentration 

of PACs in samples. Naturally, the response of targeted PACs in our samples are also normalized 

to the IPIS. Hence, d10-anthracene is substituted as the internal standard in Equation 6.1 and 

Equation 6.2.  

The peak area of the substituted PACs in our sample extracts are further corrected for losses 

as described in the external calibration approach using the closest eluting d-PAH. We refer to this 

as the corrected area in the equation below. The ARRF listed in Table V.4 were used to calculate 

the extract concentrations in each of the samples using Equation 6.3. 

6.3.4.2.3 Method 3  

This method is similar to that reported in Yang et al.21 The ARRF is obtained using the same 

approach as Method 1 (Equation 6.1). The difference between Method 3 and Method 2 is that no 

correction is applied to the data for loss of analyte during sample processing i.e., d-PAHs are not 

used to correct the areas of the target analytes in the samples.  

The ARRF in Table V.5 were used to calculate the extract concentrations in each of the samples 

following Equation 6.2. 

6.3.4.2.4 Method 4  

This quantitation approach is a modification to the method described in Yang et al.21 In 

methods 2 and 3, the peak area is normalized to an internal standard in the form of an IPIS to 
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calculate the ARRF in Equation 6.1. Here, the area of mass labeled standards that are analogs of 

native PAHs are used to normalize the electronically integrated area of the group of substituted 

PACs (Equation 6.1). For example, d10-phenanthrene was used to obtain the ARRF for all 

substituted phenanthrenes/anthracenes. The ARRF (Table V.5) was used in calculating the extract 

concentrations. The concentrations (mass per volume) of substituted PACs in each sample extract 

was determined using Equation 6.2 where the area of the internal standard used is the mass labelled 

PAH. 

6.3.4.2.5 Method 5  

For this method, the ARRF obtained for native unsubstituted PAHs (Table V.3) was used to 

quantify the substituted PAC isomers. Similar to Methods 3 and 4, the concentration of substituted 

PAHs was then determined using Equation 6.2 and Equation 6.3. In Equation 6.2, ARRF of native 

PAH is used instead of the ARRF of substituted PACs. 

 

6.4 Results and Discussion 

Although the primary focus of our study is to examine different quantitative approaches to 

substituted PACs, we felt it noteworthy to begin our discussions by looking at the quality of the 

data obtained for PAHs in the 3 SRMs. Table V.6 and Figure V.1 shows the results obtained for the 

16 US-EPA PAHs [arithmetic mean  standard deviation (SD)] in the 3 SRM materials. For 

comparison, the certified/reference values (arithmetic mean  SD) are also presented along with 

calculated % bias. Values are either designated as a reference or certified mass fraction values 

reported on a dry-mass basis. The certified mass fraction is a weighted mean of mass fraction from 
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two or more analytical methods while the reference values are based on unweighted means of the 

result from two or more analytical methods. Our ISO accredited laboratory has set a systematic 

error (i.e., bias) threshold of ± 30% as being acceptable, this matches the criterion used for 

acceptable limits for NIST interlaboratory analytical comparison studies.22  

With a few exceptions, our measured PAH values are in close agreement to the stated certified 

values in all 3 SRMs. For SRM 1944, there was a general negative bias in the data with only 5 

PAHs showing positive biases. Measured values for two PAHs were outside the desired range with 

dibenz(a,h)anthracene showing the largest bias of +86%. Measured PAH values in SRM 1597a 

were all within ± 30% of the certified values. Similar to SRM 1944, we also observed a high 

systematic error for dibenz(a,h)anthracene (> +200%) in SRM 2779. The bias observed for 

dibenz(a,h)anthracene in SRM 1597a was small (~ +17%), but greater than 80% in SRMs 1944 

and 2779, which strongly suggests there is an interference in these two SRMs that were augmenting 

the signal of dibenz(a,h)anthracene in our MRM ion channel. There were four other compounds 

measured in SRM 2779 in which the observed bias was greater than 30% (see Table V.6, Figure 

V.1).  

The next sections will discuss the quality of the data obtained for PACs using the 5 quantitative 

approaches described in the Experimental Section. 

6.4.1 Method 1  

With a few exceptions, our measured PAC concentrations for individual isomers are in very 

good agreement with the reference/certified values listed in the 3 SRMs (see Table V.7, Figure 6.1 

and Figure 6.2). For SRM 1944 in which there are eleven reported reference concentrations, the 

range in the bias for our measured values was +18% to -38%. SRM 1597a has reported values for 
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sixteen individual substituted PACs of which twelve are listed as reference values. For the 4 

certified values, only 9- and 4-methyl-phenanthrene had a bias that was outside of an acceptable 

range of ± 30%. Five of the twelve substituted PACs measured in SRM 1597a with reported 

reference values fell outside this acceptable range. In addition to reported values of ten individual 

substituted PACs, SRM 2779, also lists reference values for 22 groups of substituted PACs. All the 

measured values for the 10 individually substituted PACs were within the acceptable range of ± 

30%.   

Conversely, there was a large spread in the bias for the measured concentrations for the PAC 

groups with a range of -78% (C4-benzanthracenes/chrysenes/triphenylenes) to > 259% (C2- 

benzanthracenes/chrysenes/triphenylenes) and only 3 PAC groups (C4-dibenzothiophenes, C3- 

benzanthracenes/chrysenes/triphenylenes and C4-naphthalenes) had measured values that were 

within the acceptable range of ± 30% (see Figure 6.2). Six PAC clusters/groups, C3-naphthalenes, 

C1- and C2- benzanthracenes/chrysenes/triphenylenes, C2- and C3- dibenzothiophenes and C1- 

fluoranthenes/pyrenes had biases that were over 100%.    

6.4.2 Method 2   

This approach resulted in measured values that were in strong agreement with the 11 reference 

values for individual substituted compounds in SRM 1944 with a range in bias of -29% to +0.6% 

(Figure 6.1 and Figure 6.2, Table V.8). For SRM 1597a, there are 16 values reported on individually 

substituted PACs, 12 of which are reference values. The range in bias of our measured values to 

the reported values is -17% to 88%. Four compounds, 2-methylnaphthalene, 9/4-

methylphenanthrene, 2,6-dimethylnaphthalene and dibenzothiophene all had measured values that 

were greater than 30% of the reported values. All measured values for individually substituted 
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PACs in SRM 2779 were within ± 30% of the reported certified or reference values. That none of 

the measured values for 2-methylnaphthalene, 9/4-methylphenanthrene, 2,6-dimethylnaphthalene 

and dibenzothiophene exceeded 30% in SRM 2779 strongly suggests the presence of chemical 

interferences in SRM 1597a that are augmenting their respective MRM ion signals.  

When Method 2 was used to quantify PAC groups/clusters the agreement between measured 

values and reference values was poor. In fact, for the 22 reference values reported for SRM 2779 

only three PAC groups fall within the desired  30% range. A very high positive bias was reported 

for C2-benz(a)anthracenes/chrysenes/triphenylenes as seen in Figure 6.2 similar to C1-group. It 

should be noted that the average of peak areas obtained from C1-chrysene i.e., 5-methylchrysene 

and C3-chrsyene i.e., 1,3,6-trimethylchrysene was used to quantify C2-group. We did not observe 

the same bias with C4-group where a C3-chrysene i.e., 1,3,6-trimethylchrysene was used to 

quantify the group semi-quantitatively.  

6.4.3 Method 3  

This approach resulted in measured values that were in good agreement with the 11 reference 

values for individual substituted compounds in SRM 1944 with 9 compounds falling within the  

30% value (Figure 6.1 and Figure 6.2, Table V.9). For SRM 1597a, only 3 measured values were 

greater than 30% of the reported value. Similar to Method 2, 9/4-methylphenanthrene, 2,6-

dimethylnaphthalene and dibenzothiophene had measured values that were greater than 30% of 

the reported values when quantified using Method 3. All measured values for individually 

substituted PACs in SRM 2779 were within  30% of the reported certified or reference values. 

Much like Method 2, there was an overall poor agreement between reference values for PAC 

groups and measured values determined using Method 3 with only 6 of the 22 measured values 
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within the desired  30% range (see Figure 6.2). In fact, much like Method 2, the C1 and C2- 

benzanthracenes/chrysenes/triplenylenes and C2- and C3- dibenzothiophenes showed biases 

greater than 100% when quantified using Method 3.  

6.4.4 Method 4   

When this method was used to quantify individually substituted compounds in SRM 1994, 7 

compounds were within the  30% value (see Figure 6.1, Table V.10). Five compounds, 4-

methylpyrene, 1-methylpyrene, 2,6-dimethylnaphthalene, 4-methyldibenzothiophene, 

benzo[b]naphtho[1,2-d]thiophene and benzo[b]naphtho[2,3-d]thiophene, all had measured values 

that were outside the acceptable range of  30% of the reported values in the SRM 1597a material.  

Similar to Methods 1–3, there was overall poor agreement between reference values for PAC 

groups and measured values determined using Method 4 with only 5 of the 22 measured values 

within the desired  30% range (see Figure 6.2). 

6.4.5 Method 5  

The ARRF of the 16 US-EPA native PAHs in all the 3 SRMs evaluated in this study is as 

shown in Table V.3. Reported and measured concentrations of PACs on a weight/weight basis using 

Method 5 are presented in Table V.11. For SRM 1944 and 2779, none of the 11 individually 

substituted PACs measured using Method 5 fell within  30% (see Figure 6.1). Similarly, there 

was also a high bias on the individually substituted compounds measured in SRM 1597a and only 

2 compounds (1- and 2-methylnaphthalene) had biases that were within  30%. Method 5 was also 

extremely poor at measuring concentrations of individual substituted PACs in SRM 2779 and only 

3 PAC groups/clusters (C4-naphthalenes, C1-dibenzothiophenes and C3-dibenzothiophenes) had 
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measured values that were within  30% (see Figure 6.2). Surprisingly, only the C3-napthalene 

cluster/group showed a bias of greater than 100%.  

6.4.6 Comparison of Different Approaches to Quantify PACs 

It is instructive to compare the 5 quantitative approaches and to provide insights into the 

quality of data. It is worth reiterating that SRM 1944 was ASE extracted and further cleaned up 

using adsorption chromatography, while SRM 2779 required only adsorption chromatography and 

SRM 1597a was simply diluted in solvent prior to analyses.   

We investigated the calculated average absolute bias of the 5 methods for the 11 substituted 

PACs in SRM 1944. There was no statistical difference (Student t-test, p < 0.05) between the 

average absolute bias of Methods 1 and 2 (13.7 ± 11.5% and 11.6 ± 8.8%, respectively) and the 

average absolute bias for both methods were significantly smaller than all the other methods. While 

the average absolute bias for Methods 3 and 4 were significantly greater than Methods 1 and 2 (p 

< 0.05) the difference between the two methods (i.e., 3 and 4) was not statistically dissimilar (p > 

0.05). With an average absolute bias of 73.6 ± 38.9%, Method 5 was significantly greater (p < 0.05) 

than the other 4 methods. Clearly, quantitation based on Methods 1 and 2 results in analytical data 

of the highest quality for the 11 PACs in SRM 1944. What is unique to Methods 1 and 2, relative 

to the other methods, is the use of an IS to explicitly correct for analyte losses during sample 

processing. Methods 3 and 5 do not use an IS to account for recovery, and Method 4 uses a mass 

labeled PAH to perform the dual role of an IPIS and a RIS. Where considerable sample processing 

is required, we recommend that an IS be added to samples prior to handling to account for losses 

during workup.   

In general, the quality of the analytical data, based on our calculated average absolute biases 
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for substituted PACs in SRM 1597a and 2779 using the 5 methods showed similar trends. Methods 

1, 2 and 3 all showed statistically similar average absolute biases in both SRMs, while Method 4 

had in average absolute biases slightly greater than Methods 1, 2 and 3 and Method 5 always 

resulted in data of the poorest quality. With little sample processing required for both SRM 1597a 

and 2779, it is not surprising that method 3, which does not make use of an IS to account for 

analyte losses during workup, resulted in average absolute biases that were similar to Methods 1 

and 2. Similar to our observations with SRM 1944, Method 5, which relies on unsubstituted PAHs 

to quantify its substituted PAC analog, had average absolute biases significantly greater (p < 0.05) 

than all the other methods. This strongly suggests that the response factors of unsubstituted PAHs 

are dissimilar to their substituted analogs and that quantitation based on this approach will lead to 

data that is unreliable.    

Regardless of the method used, the quality of the data for cluster/group PACs in SRM 2779 

were in poor agreement with the reference values. The average absolute biases were greater than 

60% in all cases and there were no statistical differences in the average absolute biases amongst 

the quantitative methods (p < 0.05). Overwhelmingly, quantitation of the C1 and C2- 

benzanthracenes/chrysenes/triplenylenes, and C2- and C3- dibenzothiophenes consistently had the 

greatest systematic errors irrespective of the quantitative method. It is clear that the use of an 

individually substituted PAC to quantify a cluster/group of PACs in which there can be hundreds 

of constitutional isomers generates data that does not meet the minimum quality performance 

objectives. Differences in the ion fragmentation behavior of substituted PACs is likely the major 

driver in the large observed systematic errors.24 The commercial availability of more individually 

substituted PACs should lead to improvements in data quality. As more isomers become available, 

we can expect less bias in the average response factors between standards and samples ultimately 
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leading to more accurate measurements
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Figure 6.1: Comparison of the percent bias of a suite of individually substituted PACs in SRM 

1944 (top panel), SRM 2779 (middle panel) and SRM 1597a (bottom panel) using the five 

quantitative approaches described in our text.
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Figure 6.2: Comparison of the percent bias of a suite of group substituted PACs in SRM 2779 using the five quantitative approaches 

described in our text. 

 

 

SRM 2779 



192 
 

6.5 Conclusions 

The overarching goal of our study was to examine the quality of analytical data when different 

approaches are used to quantify PACs in environmental media. Five different quantitative 

approaches were tested with mixed results in terms of variability amongst the methods. Perhaps 

not surprising, there was poor agreement among the data for quantitation of PAC clusters compared 

to using the methods to quantify individual PACs. In fact, using parent PAHs to quantify their 

substituted PAH analogs resulted in data of the poorest quality. Naturally, bias in measurement 

data will lead to systemic errors in source delineation and environmental forensic studies. With the 

advent of more commercially available substituted PACs it is likely a good time for laboratories 

coordinating interlaboratory exercises to revisit certifying more of these compounds in SRMs and, 

if feasible, to make recommendations on a standardized approach to quantify PACs in 

environmental media.  
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7.1 Abstract 

Polycyclic aromatic hydrocarbons (PAHs) are complex organic chemicals with different 

chemical structure, which can affect fish health and result in adverse effects by activating the aryl 

hydrocarbon receptor 2 (AhR2). Apart from the environmental ubiquity of PAHs, certain 

environment matrices can contain more alkyl PAHs. However, there is limited understanding of 

how alkylation affects in vivo fish toxicity of PAHs and the relationship between alkylation and in 

vitro activation of AhR2. Thus, this study is aimed at determinating the toxicity of 

benz[a]anthracene and three alkylated homologs with different alkylation positions to zebrafish 

(Danio rerio) at early life stages and assessment of potency for these four analytes activating 

zebrafish AhR2 by a standardized in vitro AhR transactivation assay. There was a dose-dependent 

correlation between the exposure of embryos to each of the PAHs and their adverse health effects, 

such as mortality and malformations characteristic of AhR2 activation. The in vivo toxicities and 

in vitro AhR2 activation potencies for alkyl-benz[a]anthracenes are dependent on alkylation 

position and different from parent benz[a]anthracene. Nevertheless, there is a lack of statistically 

significant linear connection between the responses in these assays. Considering the results, further 

exploration of alkylation-resulted fish toxicity of PAHs and the importance of alkylated PAHs in 

ecological risk assessments is warranted. 
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7.2 Introduction 

The chemical structure of polycyclic aromatic hydrocarbons (PAHs), a class of 

environmentally ubiquitous organic compounds, contains two or more fused aromatic rings.1 PAHs 

can be emitted to the environment by natural or human activities, which includes oil spills, 

petroleum refining, and incomplete combustion of organic materials, for instance fossil fuels and 

wood.1 Recently, human activities have contributed to the increase of PAH emissions, which has 

been detected with the highest concentrations vicinal to populated urban and industrial areas.2,3 

These hydrophobic PAHs can be persistent and accumulated under specific conditions, which are 

detected from sediments.4 In early development stage, fish embryos can possibly be exposed to 

PAHs as it is commonly buried and deposited on or next to the sediment surface containing PAHs, 

which can result in many adverse biological effects.5,6  

Some four-to-six-ring PAHs can bind to and dysregulate signaling of the aryl hydrocarbon 

receptor (AhR) with, which can be toxic to fish and some vertebrates.5 The AhR can be activated 

by ligand and act as a transcription factor, which is involved in the regulation of thousands of genes 

across various physiological pathways.7,8 In fishes, there are a number of isoforms of the AhR, 

while a dose-dependent early-life stage mortality and developmental malformations in fish 

embryos is connected to the dysregulation of the AhR2 isoform, including pericardial and yolk sac 

edemas, spinal and cranial deformities, cardiovascular deformities, anemia, and reductions in 

growth.6,9-11 Besides, PAHs can also harm the organism without AhR activation.12,13 Therefore, 

PAHs are been ranked as the ninth most hazardous substance group by the US Agency for Toxic 

Substances and Disease Registry (ATSDR), and 16 PAHs are listed as "priority pollutants" by US 

Environmental Protection Agency (USEPA).14  

To date, 16 USEPA priority PAHs, representing unsubstituted parent compounds, have been 
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the focus of the majority of studies. Nonetheless, compared to unsubstituted parent compounds, 

alkyl PAHs are more enriched in the environment affected by fossil fuel development and 

extraction. For instance, USEPA priority PAHs account on average less than 15% of total PAHs in 

coal.15 Likewise, total PAHs in oil contains about 5% – 15% priority PAHs and 85% – 95% alkyl 

PAHs.16 In deposits of bitumen from Athabasca oil sands region, Alberta, Canada, the major form 

of PAHs are alkyl PAHs, where increasing amount and concentration of alkyl PAHs have been 

observed in sediment and tributaries of the lower Athabasca River because of bitumen mining.17,18 

In the Norwegian Arctic, there is a 10- to 30-fold increase in PAH concentrations with major 

composition of alkyl PAHs.19 Like PAHs, alkyl PAHs can be toxic to fish.20,21 Thus, alkyl PAHs 

can possibly pose ecological risks to fishes due to potential toxicity and environmental abundance. 

Alkyl PAHs, like four-to-six-ring PAHs, show higher toxicity, which is depended on 

positioning of alkylation, than parent compounds by binding to the AhR in in vitro cell-based AhR 

activation assays.22 Alkylated chrysene homologs transactivate AhR2 of Atlantic cod (Gadus 

morhua) in a standard in vitro AhR transactivation assay while the parent chrysene, a US-EPA 

priority PAH, does not activate the AhR2.23 In zebrafish (Danio rerio) and Japanese medaka 

(Oryzias latipes), developmental toxicity of benzo[a]pyrene and benz[a]anthracene (BAA) 

depends on the position of the alkyl group.20,21 As shown by these studies, although the AhR can 

be in vitro activated by alkylated PAHs with higher potencies comparing with parent PAHs and 

resulting in affecting developmental toxicity, little is known about the relationship between early-

life stage toxicities, activation of the AhR, and alkyl positioning among PAHs. This study is aimed 

at better understanding of this relationship as a preliminary step. Particularly, the early-life stage 

mortality and sensitivity to activation of AhR2 for a US-EPA priority four-ring PAH, BAA, and 

three alkylated BAA with different alkylation positions is investigated. BAA and alkyl BAA have 
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been detected from environmental matrices related to fossil fuel development or combustion.19,24 

Zebrafish embryos, a common laboratory model species, were exposed to BAA, 4-

methylbenz[a]anthracene (4-MBAA), 8-methylbenz[a]anthracene (8-MBAA), or 7,12-

dimethylbenz[a]anthracene (7,12-DMBAA), in a standard in vitro AhR transactivation assay, with 

the potency of each PAH determined by activation of the AhR2.23,25,26 

 

7.3 Material and Methods 

7.3.1 Chemicals and Reagents 

Analytical-grade BAA, 4-MBAA, 8-MBAA, 7,12-DMBAA were procured from Millipore-

Sigma (St Louis, MO, USA). For each chemical, there were four dosing solutions prepared in full-

strength dimethylsulfoxide (DMSO; > 99.9% pure), started from maximum solubility. The 

nominal concentrations of solution are shown in Table 7.1, which is obtained by three-fold serial 

dilution and ranged from 0.15 – 24 mg/mL. Optima grade organic solvents silica gel, sodium 

sulfate, and alumina were acquired from Fisher Scientific (Ottawa, ON, CA) and used in 

quantifying PAHs. The details of analytical standards have been listed previously.27 

7.3.2 Embryo Experimentation  

7.3.3 Collection of Embryos 

Zebrafish embryos (Tupfel long fin strain) were acquired from a breeding culture in the 

Aquatic Research Facility in the Alberta Water and Environmental Science Building at the 

University of Lethbridge, Canada. Vertical flow-through racks (Tecniplast) were used for housing 

the breeding colony with the supply of dechlorinated City of Lethbridge municipal water. The 
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light:dark photoperiod was kept as 16:8-h. Artemia (Brine Shrimp Direct) was used to feed 

zebrafish twice per day. One hour after the onset of light, clutches of embryos from individual 

breeding fish groups were collected for the use in microinjections. All experimental protocols were 

in accordance with the University of Lethbridge Animal Welfare Protocol 1714. 

7.3.3.1 Microinjection Experimental Design 

Previously, waterborne exposure was widely employed in studies of the toxicity of PAHs to 

early life stages of fishes.6,9,11,28 However, microinjection was chosen to be employed in this study. 

The chorion is bypassed by the microinjection, which allows entire dose to be administered at once. 

Consequently, embryos can be frozen immediately for the quantification of chemicals, and thus 

the adsorption, distribution, metabolism, and excretion (ADME) of PAHs can be minimized. 

However, since the ADME processes can be active throughout the exposure period, analysis of 

embryos from waterborne exposure would only snapshot the dose of PAHs. An IM-400 Electric 

Microinjector (Narishige Group) was employed for microinjection, which was calibrated to deliver 

the desired solution volume beforehand for each treatment by established methods.29 Room 

temperature of approximately 25 °C was maintained for microinjection. Prior to completion of 

gastrulation (6 h postfertilization [hpf]), ca. 1.5 nL of solution was administrated directly into the 

yolk. Each treatment group is comprised of 50 injected embryos in triplicates. Embryos without 

microinjection were used as the negative control treatment. Embryos injected with full-strength 

DMSO were used as process control treatment. Both control treatments and the four PAH treatment 

groups were included in experimental replicate, for which embryos were collected from 

independent breeding events on different days. In addition, each treatment had 200 mg embryos 

(about 400 embryos) and was frozen immediately at −80 °C for PAHs quantification to determine 
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exposure dose. 

7.3.3.2 Embryo Rearing and Assessment  

Plastic Petri dishes containing dechlorinated City of Lethbridge municipal tap water at 

25 ± 1 °C was used for the embryo incubation for a duration of 24h. Dead or nonviable embryos 

were discarded after 24h, and individual embryos were transferred to independent wells of a 24-

well plate (Eppendorf Canada) containing 2 mL of dechlorinated City of Lethbridge municipal 

water, which was maintained at 25 ± 1 °C until 15 days postfertilization (dpf). As determined by a 

preliminary method development study, study duration was set to 15 days for complete utilization 

of the yolk sac and exposure to the full dose (data not shown). Embryos were evaluated every day 

during the experiment using a Motic K Series stereomicroscope (Motic Instruments) or a Zeiss 

Discovery.V12 stereo microscope (Carl Zeiss) for quantifying the occurrences of pericardial 

edema, yolk sac edema, spinal deformity, or mortality, in accordance with the guidelines of the 

Organisation for Economic Cooperation and Development.30 It was recorded for the percentage of 

embryos exhibiting one or more malformations. Images were captured using a Zeiss Axiocam 105 

Colour camera (Carl Zeiss) and ZEN lite imaging software (Carl Zeiss). Starting at 5 dpf, 50% 

water renewal was carried out daily when all embryos had hatched.  

7.3.3.3 Real-time Polymerase Chain Reaction 

To assess the in vivo activation of the AhR in early life stages of zebrafish, abundance of 

transcripts of cytochrome P450 1A (cyp1a) was quantified, which is a common biomarker for AhR 

activation. As described previously in section 7.3.3.1 (Microinjection Experimental Design), 

DMSO or each PAH at the median lethal dose (LD50) was injected to embryos, which is reared 

until 5 dpf at 25 ± 1 °C. Total RNA was extracted from 10-15 larvae per replicate using TRIzol™ 
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reagent (ThermoFisher Scientific), and RNA concentrations were determined using a NanoDrop 

One spectrophotometer (ThermoFisher Scientific). By using a QuantiNova™ reverse-transcription 

kit, complementary DNA (cDNA) was synthesized from 1–2 µg of total RNA, which includes a 

step for genomic DNA removal (Qiagen). A 35 µL reaction mixture was prepared for each cDNA 

and primer combination, including 3.5 µL of cDNA, 1.75 µL of primer pair (10 pM final 

concentration), 17.5 µL of SensiFAST™ SYBR® No-ROX Kit (Meridian Bioscience), and 

12.25 µL of nuclease-free water for the quantitative polymerase chain reaction (qPCR). The qPCR 

protocol included initial denaturation at 95 °C for 2 min, followed by 40 cycles of denaturation at 

95 °C for 5 s, and annealing at 60 °C for 10 s. A melt curve analysis was performed to ensure the 

amplification of a single PCR product, and a no-template control was included to verify the 

absence of contamination. All qPCRs were carried out in triplicate using 10-μL volumes in 96-

well plates in a CFX96 Touch Real-Time PCR Detection System (Bio-Rad). The primer sequences 

used were as follows: for cyp1a, F: GCATTACGATACGTTCGATAAGGAC, R: 

GCTCCGAATAGGTCATTGACGAT; for 18s, F: CCACTCCCGAGATCCAACTA, R: 

CAAATTACCCATTCCCGACA. The transcript abundance of 18s was used to normalize the 

transcript abundance of cyp1a. Changes in cyp1a transcript expression in embryos exposed to 

PAHs were determined relative to the DMSO control using the efficiency-corrected method 

developed by Pfaffl.31 Efficiencies of the cyp1a and 18s reactions were determined to be 102% 

and 95%, respectively.32,33 
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7.3.4 In Vitro AhR Transactivation Assay 

As described in previously methods34 with aforementioned modifications,35 maintenance of 

COS-7 cells, transfection of constructs, and the luciferase reporter gene assay were performed in 

96-well plates. In brief, COS-7 cells were transfected with 8 ng of zebrafish AhR2,36 1.55 ng of 

white sturgeon AhR nuclear translocator 2,35 20 ng of the rat CYP1A reporter construct,37,38 and 

0.75 ng of the Renilla luciferase vector (Promega) per well. Ten (10) serial concentrations of BAA, 

4-MBAA, 8-MBAA, or 7,12-DMBAA, with nominal concentrations 0.00003 – 100 nM, were 

exposed to transfected cells. Full-strength DMSO from the same stock as described previously 

(see section 7.3.1) was used to prepare dosing solutions. SpectraMax i3x plate reader (Molecular 

Devices) was used to measure luciferase. Triplicated measurements were performed for each 

chemical, with four separate wells per replicate. All procedures were conducted in the SynBridge 

core facility at the University of Lethbridge. 

7.3.5 Quantification of PAHs 

Extraction and analysis were conducted at the Centre for Oil and Gas Research and 

Development, University of Manitoba, an accredited laboratory under the International 

Organization for Standardization (ISO-17025:2017). Fifteen (15) mass-labeled PAH recovery 

internal standards (100 ng, 16 USEPA PAHs except anthracene) were added to 200  mg of embryos 

in a 2 mL vial prior to extraction. Then, spiked embryos were transferred to 2 mL Precellys 

reinforced tube with 2 × 1.5 mL dichloromethane rinse, in which three 1.4 mm zirconium oxide 

beads were added. A Precellys Evolution Homogenizer (Bertin Technologies) was used for 

extraction at 6500  rpm for 6 cycles, with intervals of 20 and 10  s between cycles. After extraction, 

the supernatant from each extract was transferred with 2 × 2 mL dichloromethane into a 30 mL 
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test tube containing silica gel (2  g), 0.5 g sodium sulfate, and 5% deactivated alumina (0.5  g) for 

dispersive solid-phase extraction cleanup.39 Then, 3 mL hexane was aliquoted to the test tube, 

which is settled for 30 min with occasional vortex at every 10 min. Final volume of 1  mL for 

extract was obtained by transferring cleaned-up extract to a prerinsed tube using 5  mL of 

dichloromethane:hexane (70:30) and reduced under a gentle stream of ultra-high-purity nitrogen. 

Instrument performance internal standard, d10-anthracene (100  ng), was spiked to the extraction 

prior to injection of gas chromatography/tandem mass spectrometer (GC/MS/MS). After vortexing, 

samples were stored in 2 mL amber glass autosampler vials at 4 °C. The same extraction protocol 

of embryo was applied to laboratory blanks (n  =  4). The detailed method of GC/MS/MS detection 

and quantification has been previously described.27  

Contamination and performance characteristics such as detection limits, accuracy/recovery, 

and precision were evaluated by a method validation.40 Target analytes (n  =  9, 100  pg µL-1) were 

spiked to 1.5 mL dichloromethane, which was extracted as described above. Analysis of procedural 

blanks (n  =  3) suggests that there is no contamination of target analytes. Method performance 

characteristics are given in Table VI.1. 

7.3.6 Data Analysis 

A four-parameter logistic model was adopted for response curves by GraphPad Prism 9 

software. Lethal doses causing 20% mortality and LD50 were determined for early life stages of 

zebrafish. Besides, concentrations causing effects of 20% (EC20), 50% (EC50), and 80% (EC80) in 

COS-7 cells transfected with zebrafish AhR2 were calculated. Because the lowest treatment 

concentration was statistically significant (p  ≤  0.05) from the DMSO control treatment, it was 

defined as the effect concentration threshold for activation of zebrafish AhR2. One-way analysis 
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of variance followed by Dunnett's post hoc test was employed to determine the significant 

differences between treatments and controls (p  ≤  0.05) by IBM SPSS Statistics 20 software. The 

Shapiro-Wilk test was used to determine normality, Levene's test was used to test homogeneity of 

variance of each data set, and logarithmic transformation was employed if necessary. Relative 

potencies (RePs) for in vivo data were computed based on nanomoles per gram of egg by Equation 

7.1. 

 
𝑅𝑒𝑃 =

LD50 Compound of Interest

LD50 Reference Compound 
 Equation 7.1 

 

In Equation 7.1, the compounds being compared to the reference compound (i.e., BAA or 

2,3,7,8-tetrachlorodibenzo-p-dioxin [TCDD]) was defined as compound of interest. Equation 7.2 

was used to determine the relative potencies for in vitro data from this study, where ECXX 

represents the average of EC20, EC50, and EC80 values. 

 
𝑅𝑒𝑃 =

ECxx Compound of Interest

ECxx Reference Compound 
 Equation 7.2 

 

7.4 Results and Discussion 

Zebrafish embryos were exposed to BAA and alkylated BAA in serial doses to assess mortality 

and occurrences of AhR-mediated malformations, as an initial step for unraveling the relationship 

between alkylation and AhR-mediated toxicity of PAHs to early life stages of fishes. A dose-

dependent relationship for mortality had been discovered for embryos exposed to BAA, the parent 

compound (Figure 7.1A and Table 7.1), with an LD50 of 26,129 ng/g-egg (Table 7.1). Previously, 

zebrafish were determined to be one of the least sensitive fish species to the prototypical AhR 
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agonist, TCDD, with an LD50 of 2.61 ng/g-egg.10,41 Like BAA, similar dose-dependent 

relationship in mortality between embryos to three alkylated homologs, 4-MBAA, 8-MBAA, and 

7,12-DMBAA, had been observed (Figure 7.1B–D and Table 7.1), while 8-MBAA was the most 

potent and 4-MBAA was the least potent (Table 7.2). Compared to BAA, the relative potencies of 

4-MBAA, 7,12-DMBAA, and 8-MBAA were 1.1, 1.4, and 5.6, respectively (Table 7.3). The 

potency factor for various PAHs, including BAA, 8-MBAA, and 7,12-DMBAA, was determined 

based on ethoxyresorufin-O-deethylase (EROD) activity or AhR binding affinity in various 

vertebrate assay systems in previous work.22 Relative to BAA, the relative potencies for 8-MBAA 

and 7,12-DMBAA were 8.0 and 2.0, respectively (Table 7.3). Compared to the in vivo relative 

potencies determined in the current study for early–life stage mortality in zebrafish, both of the 

relative potencies are within a two-fold range (Table 7.3). Thus, the results of the current study 

suggest that alkylation of BAA either increased or had no effect on potency in inducing early-life 

stage mortality in zebrafish, which agrees with results from previous in vitro assays. 

Along with early-life stage mortality, the percentage of embryos displaying one or more 

malformations were raised, such as yolk sac edema, pericardial edema, and spinal curvatures, when 

exposed to both BAA and the three alkylated homologs (Table 7.1). Representative images of 

malformations can be found in Figure VI.1. These observed malformations agree with the effects 

commonly related to the activation of the AhR in vertebrates, including fishes.10,42,43 The elevation 

in CYP1A is a prototypical hallmark for activation of the AhR.44 The increase of cyp1a transcript 

and protein abundance as well as EROD activity across various fish and bird species results from 

the binding of four-to-six-ring PAHs, including BAA, to AhR.8,45-49 In avian species, sensitivity to 

early–life stage mortality among species can be predicted by response of cyp1a in hepatocytes 

exposed to PAHs.50 The present study with zebrafish has shown a similar effect that exposure to 
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both BAA and each alkylated homolog led to an increase in cyp1a transcript abundance (Figure 

7.2). Embryo mortality can result from exposure to BAA and the three alkylated homologs likely 

due to, at least in part, AhR-mediated processes, which is supported by occurrence of characteristic 

AhR-mediated malformations and the greater abundance of cyp1a messenger RNA in early–life 

stage zebrafish. 

The sensitivity of different fish species to early–life stage mortality resulting from exposure 

to dioxin-like compounds (DLCs), another class of agonists of the AhR, can vary more than 200-

fold.41,51 These differences in interspecies sensitivity can be attributed to the variations in the AhR2 

protein structure, which alters its sensitivity to DLC activation.25,52-54 A predictive mechanism-

based biological model, known as a quantitative adverse outcome pathway (qAOP), is generated 

based on this understanding of interspecies sensitivity, which is able to predict dose-response 

curves for DLC-induced early-life stage mortality in any fish species by utilizing data from a 

standardized in vitro AhR transactivation assay involving COS-7 cells transfected with the relevant 

AhR isoform from the species of interest.52,55 While some variation in sensitivity from different 

bird species has been demonstrated,47,50 the extent of such variation among fish species is not well 

investigated, and it remains unknown if AhR2 activation sensitivity can be used to predict early-

life stage mortality for fishes. As an initial attempt to explore this knowledge gap, this study 

utilized the standardized in vitro AhR transactivation assay to determine the sensitivity of zebrafish 

AhR2 activation by BAA and the three alkylated homologs. Similar to DLCs, BAA, 4-MBAA, 8-

MBAA, and 7,12-DMBAA activated zebrafish AhR2 in a concentration-dependent manner (Table 

7.3). The order of potency was 8-MBAA > 4-MBAA > BAA > 7,12-DMBAA (Table 7.4). 

Compared to BAA, the relative potencies for zebrafish AhR2 activation by 4-MBAA, 8-MBAA, 

and 7,12-DMBAA were 5.1, 18.4, and 0.6, respectively (Table 7.3). These relative sensitivities for 
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AhR2 activation differed by 4.6-fold, 3.3-fold, and 2.3-fold from their corresponding early-life 

stage mortality sensitivities and were close to previous in vitro assay results (Table 7.3).22 

Nonetheless, a statistically significant linear relationship between early-life stage mortality 

sensitivity and AhR2 activation sensitivity among the four investigated PAHs in zebrafish was not 

observed (p = 0.27, p = 0.86; Figure 7.4). In addition, as agonists, these PAHs were more potent 

than TCDD of the zebrafish AhR2 in the standardized in vitro AhR transactivation assay, although 

PAHs were significantly less potent at resulting early-life stage mortality (Table VI.2).10,56 

Therefore, these PAHs do not fit to the previously reported relationship between AhR2 activation 

sensitivity and early-life stage mortality sensitivity within the qAOP (Figure 7.4).52,55 

There might be some factors that contribute to the lack of agreement in relationships between 

early-life mortality and in vitro AhR2 activation for DLCs and PAHs. Metabolism is a possible 

factor. Previously, DLCs have been shown to be bioaccumulate in tissues,57 and cause persistent 

EROD activity.58,59 In contrast, PAHs are not long-term accumulative or increasing in tissue 

concentrations,60 likely due to the existence of robust enzyme systems for vertebrates, which 

convert PAHs into epoxides or hydroxylated derivatives during phase I biotransformation and 

excreted by cells in phase II metabolism.61 Although the exact extent of phase I and phase II 

metabolism in early life stages of zebrafish remains uncertain, it is suggested that functional 

biotransformation pathways are present in zebrafish embryos and larvae by current evidence.62 

Previous studies have detected EROD activity as early as 2.5 hpf,63 while the abundance of cyp1a 

transcript have elevated in larvae at 120 hpf in present study (Figure 7.2). It is suggested that 

biotransformation might contribute to the decrease availability of PAHs to interact with the AhR 

in zebrafish early-life stages over time, hence preventing the sustained AhR activation seen with 

TCDD and other DLCs. On the other hand, there is limited capacity for COS-7 cells transfected 
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with AhRs to exhibit phase I biotransformation, and thus continuous AhR activation can be 

induced by PAHs, suggesting that PAHs could bind to the receptor with a higher affinity comparing 

to TCDD.64,65 However, despite the disparity between early-life stage mortality sensitivity and 

AhR2 activation sensitivity in the standardized in vitro AhR transactivation assay between DLCs 

and PAHs and the data gap of a statistically significant linear relationship in the current research, 

a small data set for the development of a robust linear relationship is presented by this study. Future 

inclusion of additional data might lead to a significant predictive relationship for PAHs between 

these assays different from DLCs (Figure 7.4). 

The present study was aimed to better characterize the relationship between alkylation and the 

in vivo toxicity of BAA to early life stages of zebrafish, a model fish species, and to investigate 

the correlation between this sensitivity and the potency for activation of the AhR2 in the 

standardized in vitro AhR transactivation assay. These findings agree with previous results from a 

variety of cell- or embryo-based assays, suggesting that alkylation could increase the AhR-

mediated toxicity of PAHs.20-23 Only the 16 US-EPA priority PAHs were used for ecological risk 

assessments, which was estimated to underestimate the risk by as much as 40- to 70-fold.66 This 

uncertainty in the ecological risk assessment of PAHs, along with the confirmation that alkylation 

can amplify the in vivo toxicity of PAHs to fish, suggests the pressing need to evaluate the toxicity 

of other parent PAHs and their alkylated homologs, as well as other patterns of alkylation and 

substitutions involving multicarbon side chains. However, it is not practical to conduct early-life 

stage toxicity tests involving numerous PAHs and alkylation patterns in both zebrafish and native 

species of regulatory concern due to the limited time, cost, and challenges associated with certain 

species, such as their rarity, conservation status, and incompatibility with laboratory cultivation. 

Thus, determination whether a predictive relationship exists between PAH sensitivity to AhR2 
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activation in the standardized in vitro assay and early-life stage mortality should be focused by 

ongoing research. However, it is important to note that this predictive relationship could only be 

applicable to PAHs that act as AhR agonists and not to those causing toxicity entirely independent 

of the AhR.12,13 Investigation of potential models accounting for PAHs inducing AhR-independent 

toxicities needs to be explored by further research. Given the ample amount of alkyl PAHs in the 

environment and the uncertainty surrounding their toxicity compared to parent compounds, it 

could be essential to develop of predictive tools, for instance the qAOP, for more pragmatic 

assessments of these toxicities across various fish species, thus facilitating more objective 

ecological risk evaluations for this class of chemical.  
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Table 7.1: Measurement parameters of zebrafish used in early–life stage toxicity testing and 

cumulative effects observed. 

Treatment Dosing 

Solution 

Concentration 

(ng/nL) 

Nominal 

Embryo 

Concentration 

(ng/g-egg) 

Measured 

Embryo 

Concentration  

(ng/g-egg) 

Malformations 

(%) a 

Total 

Mortality 

(%) 

Negative 

Control 
N/Ab 0.00 0.00 3 (3) 8 (6) 

Process 

control 
0.00 0.00 0.00 4 (4) 16 (10) 

BAA 

0.89 2222 842 5 (2) 28 (12) 

2.67 6666 3556 14 (6) 31 (5) 

8.00 20000 9849 11 (2) 41 (2) 

24.00 60000 33896 11 (1) 62 (8) 

4-MBAA 

0.19 463 401 15 (19) 18 (2) 

0.56 1388 890 11 (7) 27 (5) 

1.67 4166 3416 8 (6) 28 (7) 

5.00 12500 12062 13 (9) 42 (3) 

8-MBAA 

0.15 370 361 4 (6) 28 (4) 

0.44 1111 1032 7 (10) 41 (15) 

1.33 3333 3451 6 (8) 50 (5) 

4.00 10000 9626 8 (6) 71 (7) 

7,12-

DMBAA 

0.41 1027 1169 1 (2) 35 (2) 

1.23 3083 3080 11 (4) 40 (2) 

3.70 9250 9665 15 (9) 42 (6) 

11.10 27750 31204 39 (20) 70 (14) 
a Percentage of embryos exhibiting one or more malformations. 
b Microinjections were not performed for this treatment. 

Standard deviation of each data point is presented in parentheses. 

BAA = benz[a]anthracene; 4-MBAA = 4-methylbenz[a]anthracene; 8-MBAA = 8-

methylbenz[a]anthracene; 7,12-DMBAA = 7,12-dimethylbenz[a]anthracene; N/A = not 

applicable. 
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Table 7.2: Calculated lethal doses (nanograms per gram of egg) of BAA, 4-MBAA, 8-MBAA, and 

7,12-DMBAA in zebrafish embryos until 15 dpf. 

Chemical LD20 LD50 

BAA 4715 (2792–8184) 26129 (19142–46451) 

4-MBAA 3102 (1479–4898) 25776 (12823–58210)a 

8-MBAA 1142 (485–2259) 4979 (3221–8649) 

7,12-DMBAA 2326 (998–6839) 20402 (10375–41783) 
aValue extrapolated by GraphPad Prism 9 software due to mortality not reaching 50% 

The 95% confidence intervals are given in parentheses. 

BAA = benz[a]anthracene; 4-MBAA = 4-methylbenz[a]anthracene; 8-MBAA = 8-

methylbenz[a]anthracene; 7,12-DMBAA = 7,12-dimethylbenz[a]anthracene; dpf = days 

postfertilization; LD20/LD50 = 20% and 50% lethal doses. 
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Table 7.3: Relative potencies of BAA, 4-MBAA, 8-MBAA, and 7,12-DMBAA in vivo, in vitro, and 

in the literature to BAA. 

 

Chemical In vivo ReP to BAA In vitro ReP to BAA EROD ReP to BAA 

BAA 1.0 1.0 1.0a 

4-MBAA 1.0 5.1 N/A 

8-MBAA 5.6 18.4 8.0a 

7,12-DMBAA 1.4 0.6 2.0a 
a Relative potencies were calculated from data presented by Barron et al. (2004). 

All relative potencies were calculated based on nanomolar concentrations (nanomoles per gram 

of egg or nanomolar). Relative potencies to 2,3,7,8-tetrachlorodibenzo-p-dioxin are provided in 

Supporting Information, Table VI.2. 

BAA = benz[a]anthracene; 4-MBAA = 4-methylbenz[a]anthracene; 8-MBAA = 8-

methylbenz[a]anthracene; 7,12-DMBAA = 7,12-dimethylbenz[a]anthracene; ReP = relative 

potency; EROD = ethoxyresorufin-o-deethylase; N/A = not available. 
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Table 7.4: Calculated effect concentrations (nanomolar) for activation of the zebrafish aryl 

hydrocarbon receptor 2 by BAA, 4-MBAA, 8-MBAA, and 7,12-DMBAA in vitro. 

Chemical ECthreshold EC20 EC50 EC80 

BAA 0.1 0.3 (0.1–0.8) 2.2 (0.4–11.5) 17.7 (1.1–299.2) 

4-MBAA 0.1 0.3 (0.2–0.4) 0.8 (0.6–1.2) 2.8 (1.5–5.5) 

8-MBAA 0.1 0.1 (0.0–0.1) 0.2 (0.0–1.0) 0.85 (0.1–13.1) 

7,12-DMBAA 0.3 1.5 (1.1–2.2) 6.22 (4.0–9.7) 25.5 (11.6–56.1) 

The 95% confidence intervals are given in parentheses. 

BAA = benz[a]anthracene; 4-MBAA = 4-methylbenz[a]anthracene; 8-MBAA = 8-

methylbenz[a]anthracene; 7,12-DMBAA = 7,12-dimethylbenz[a]anthracene; 

ECthreshold = effect concentration threshold; ECx = x% effect concentration. 
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Figure 7.1: Dose–response curves of early–life stage mortality observed in zebrafish embryos 

prior to 15 days postfertilization following exposure to BAA (A), 4-MBAA (B), 8-MBAA (C), or 

7,12-DMBAA (D).  

Percent mortality was normalized to zero in the control. All mortality values are shown in Table 

7.1. Data are presented as mean ± standard error based on three replicate studies, each with n = 24 

embryos per dose of chemical. Median lethal doses are indicated as dotted lines. 

BAA = benz[a]anthracene; 4-MBAA = 4-methylbenz[a]anthracene; 8-MBAA = 8-

methylbenz[a]anthracene; 7,12-DMBAA = 7,12-dimethylbenz[a]anthracene.  
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Figure 7.2: Effect of exposure to the median lethal dose (LD50) of BAA, 4-MBAA, 8-MBAA, or 

7,12-DMBAA on the messenger RNA abundance of cyp1a in zebrafish embryos collected at 120 h 

postfertilization.  

Data are expressed as the mean ± standard deviation relative to the process control. Statistical 

significance (p  <  0.05, one-way analysis of variance with Dunnett's post hoc test) is indicated by 

an asterisk. The LD50 values are given in Table 7.2. cyp1a = cytochrome P450 1a; 

BAA = benz[a]anthracene; 4-MBAA = 4-methylbenz[a]anthracene; 8-MBAA = 8-

methylbenz[a]anthracene; 7,12-DMBAA = 7,12-dimethylbenz[a]anthracene. 
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Figure 7.3: Dose–response curves of COS-7 cells transfected with aryl hydrocarbon receptor 2 of 

zebrafish following exposure to BAA (A), 4-MBAA (B), 8-MBAA (C), or 7,12-DMBAA (D).  

Data are presented as mean ± standard error based on three independent assays, each performed 

with four replicates per concentration of chemical. Median effect concentrations are represented 

as dotted lines. BAA = benz[a]anthracene; 4-MBAA = 4-methylbenz[a]anthracene; 8-MBAA = 8-

methylbenz[a]anthracene; 7,12-DMBAA = 7,12-dimethylbenz[a]anthracene; 

DMSO = dimethylsulfoxide.  
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Figure 7.4: Linear regressions for early–life stage mortality (median lethal dose) against 

sensitivity to activation (EC50 [A] or ECthreshold [B]) of the zebrafish aryl hydrocarbon receptor 

2 by BAA (triangle), 4-MBAA (square), 8-MBAA (circle) and 7,12-DMBAA (diamond).  

All values are shown elsewhere (Table 7.2 and Table 7.4). Best-fit line and 95% confidence interval 

are shown. Linear regressions for polycyclic aromatic hydrocarbons (gray) alongside 

corresponding linear regressions for dioxin-like compounds (black [Doering et al., 2018, 2020]) 

for comparison (C, D). Equations for the lines are y = 0.4003x + 1.788 (A) and 

y = 0.1371x + 1.627 (B). LD50 = median lethal dose; EC50 = median effect concentration; 

ECthreshold = effect concentration threshold. 
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Chapter 8: Conclusion and Future Directions 

8.1 Conclusion 

My research aimed to develop methods to extract, separate, identify, and quantify complex 

mixtures of PACs, especially HPAHs, and their numerous isomers in different environmental 

matrices. For the last two decades, PACs have seen renewed interest by the global scientific 

community as important environmental contaminants. Among all PACs, the 16 US EPA priority 

PAHs still receive most of the focus. Limitations for other sub-classes of PACs, especially HPAHs, 

includes the lack of authentic analytical standards and the challenge in separation and identification 

of co-eluting compounds. However, there is continuous exposure to PACs for biological systems, 

both wildlife and humans, because of urbanization/population expansion and an associated global 

reliance on fossil fuels. The toxicity of some sub-classes of PACs are not well-studied, especially 

APAHs and HPAHs. 

To my knowledge, there is a lack of a unified analytical method for the entire PACs family, 

either to quantify them by analytical instrumentation or fully validated extraction methods. This is 

due in part to the chemical complexity of PACs and to the myriad theoretically possible structural 

isomers. My research was able to address some of the knowledge gaps acknowledged here and 

within the scientific community on both exhaustive extraction and accurate quantification of PACs.  

My research on identification of HPAHs from AOSR samples by GC-HRMS was able to 

illustrate the importance of studying this novel class of contaminants and unearth the 

environmental occurrence of many new HPAHs. To further address the paucity of unified 



226 
 

analytical methods for PACs, I fully validated two analytical methods of extraction and clean-up 

for PACs following Eurachem guidelines in an ISO 17025 accredited laboratory. The first method 

aimed to extract PACs from solid samples, which involved a one-step extraction ASE method and 

dSPE clean-up for biota samples. The second method focused on extracting PACs from semi-

liquid samples, especially avian eggs. Both validated methods improve on extraction efficiencies, 

streamline the extraction process and reduce the volume of solvents, which makes the sample 

processing more environmentally friendly and also cost-effective. 

In addition, I have also studied different approaches for quantifying PACs, which offers some 

suggestion on how to best quantify PACs with good data quality objectives. With my unified 

quantification method, the discrepancies of interlaboratory studies can be mitigated.  

The analytical methodologies that I developed also contribute to the toxicology study. For 

toxicity properties of PACs, I have collaborated with coworkers to assess both in vivo and in vitro 

toxicity of APAHs and determine the relationship between alkylation and health effect. The 

toxicity of PACs is affected by the degree of alkylation and position of alkylation. 

Although my research was able to address some of the issues in the field namely issues related 

to a lack of fully validated analytical methods and a uniform quantification method for PACs, one 

of the major drawbacks that still exists is the paucity of authentic analytical standards, especially 

for HPAHs. This has limited the identification of more HPAHs and determination of isomer-

specific concentrations of HPAHs when detected.  

While I have detected HPAHs from the Canadian environment, the resolution of current state-

of-art analytical instrumentation, e.g., GC × GC-HRToF-MS, is still challenged to separate 
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structural isomers of HPAHs. Some structural isomers, such as Cl-Phe and Cl-Ant, coelute and 

cannot be resolved even with the superior separation abilities of GC × GC. 

One of the main strengths of my research is that it offers validated and unified extraction and 

quantification methods of many commercially available PACs. The validated extraction method 

improves on the extraction efficiencies and makes extraction “greener” by using significantly 

smaller solvent volumes.  

Finally, the impact of my research is that it has caused a paradigm shift in what PAC-like 

compounds are being monitored in the Canadian environment. Increasingly, our collaborators at 

the Environment and Climate Change Canada are reporting on the compounds I detected which 

ultimately will help regulators and policy-makers in Canada decide on the hazards these 

compounds may pose to the environment.    

 

8.2 Future Directions 

Collaboration with synthetic researchers is essential for making more analytical standards, 

which will play an important role in isomer-specific studies and toxicological risk assessments. 

Having a unified list of PACs, such as 16 US EPA PAHs, will contribute significantly to related 

research.  

Standardized approach for quantification of PACs is urgently needed, especially for APAHs, 

HPAHs, and heterocyclic compounds. The lack of a standardized methods for quantification has 

limited the use of published data, such as geographical and temporal comparison of PAC 

concentration in certain matrix. 
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The toxicological data and risk assessment for novel PACs also needs to be studied. Besides 

conventional in vivo and in vitro methods, reliable predictive non-animal toxicity testing model, 

i.e., in silico methods, are needed. In silico methods may help the screening of toxic compounds 

and the development of toxicity assessments on complex mixtures. 

Current research has not emphasized of the importance of 2D chromatography. The separation 

power of 2D chromatography can play a more central role in quantitative assessment, especially 

in congener-specific determination of PACs. Advancement of analytical instrumentation is crucial 

for future PAC analyses. There are some PAC sub-classes, such as heterocyclic PACs (S-, N-, and 

O-based PAHs), halogenated APAHs and halogenated heterocyclic PACs that are very much 

understudied. Naturally, there are likely many more sub-classes of PACs that are present in the 

environment. Therefore, advanced analytical instrumentation with better resolving power will be 

tremendous for not only PAC research but other fields in environmental research. 

The development of new standard reference materials (SRMs) is also needed for PAC analyses. 

There is a limited number of PAC compounds identified in commercially available SRMs. In 

addition, SRMs, as positive controls, are especially important for interlaboratory studies and 

assessing data quality.  

Overall, a systematic approach of analysing and investigating PACs should be established for 

various aspects of PACs study, including occurrence (environmental compartment, geography), 

source, distribution (mobility), persistence, fate and toxicity.1   
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Table I.1: Nomenclature, EI fragmentation patterns, measured experimental mass of the HPAH standards determined using GC-MS/MS 

and GC-HRTOF-MS. 

Compound Formula CAS numbera 

GC-MS/MS  GC-HRTOF-MS 

M+•b Quantifying 

transition 

Qualifying 

transition 
M+•b Confirmer 

Fragmentation 

pattern 

1-Br-Nap C10H7Br 90-11-9 205.9 205.9 → 127.1 205.9 → 77.0  205.9684 127.0518 [M–Br]+ 

2-Br-Nap C10H7Br 580-13-2 205.9 205.9 → 127.1 205.9 → 77.0  205.9756 127.0603 [M–Br]+ 

9-Cl-Fle C13H9Cl 6630-65-5 199.9 165.0 → 165.0c 199.9 → 165.0  200.0386 165.0697 [M–Cl]+ 

1,4-Br2-Nap C10H6Br2 83-53-4 286.1 286.1 → 126.0 286.1 → 204.9  285.8853 126.0642 [M–2Br]+ • 

2,7-Br2-Nap C10H6Br2 58556-75-5 286.1 286.1 → 126.0 286.1 → 204.9  285.8821 126.0438 [M–2Br]+ • 

2-Cl-Fle C13H9Cl 2523-44-6 199.9 165.0 → 165.0c 199.9 → 165.0  200.0382 165.0697 [M–Cl]+ 

5-Br-Ace C12H9Br 2051-98-1 234.1 234.1 → 153.1 234.1 → 234.1c  231.9883 153.0696 [M–Br]+ 

9-Br-Fle C13H9Br 1940-57-4 246.1 165.0 → 165.0c 246.1 → 165.0  243.9880 165.0697 [M–Br]+ 

2-Br-Fle C13H9Br 1133-80-8 246.1 165.0 → 165.0c 246.1 → 165.0  243.9882 165.0702 [M–Br]+ 

9-Cl-Phe C14H9Cl 947-72-8 212.0 212.0 → 176.0 212.0 → 151.0  212.0392 176.0623 [M–HCl]+ • 

1-Cl-Ant C14H9Cl 4985-70-0 212.0 212.0 → 176.0 212.0 → 151.0  212.0393 176.0624 [M–HCl]+ • 

2-Cl-Ant C14H9Cl 17135-78-3 212.0 212.0 → 176.0 212.0 → 151.0  212.0393 176.0624 [M–HCl]+ • 

9-Cl-Ant C14H9Cl 716-53-0 212.0 212.0 → 176.0 212.0 → 151.0  212.0390 176.0622 [M–HCl]+ • 

2,7-Cl2-Fle C13H8Cl2 7012-16-0 234.0 234.0 → 199.1 234.0 → 234.0c  234.0000 199.0310 [M–Cl]+ 

1,2-Br2-Any C12H6Br2 13019-33-5 310.1 310.1 → 149.9 310.1 → 228.9  309.8811 150.0464 [M–2Br]+ • 

3-Br-Phe C14H9Br 715-50-4 256.0 256.0 → 177.1 256.0 → 151.1  255.9891 176.0625 [M–HBr]+ • 

9-Br-Phe C14H9Br 573-17-1 256.0 256.0 → 177.1 256.0 → 151.1  255.9889 176.0625 [M–HBr]+ • 

2-Br-Phe C14H9Br 62162-97-4 256.0 256.0 → 177.1 256.0 → 151.1  255.9889 176.0625 [M–HBr]+ • 
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1-Br-Ant C14H9Br 7397-92-4 256.0 256.0 → 177.1 256.0 → 151.1  255.9893 176.0626 [M–HBr]+ • 

2-Br-Ant C14H9Br 7321-27-9 256.0 256.0 → 177.1 256.0 → 151.1  255.9892 176.0624 [M–HBr]+ • 

9-Br-Ant C14H9Br 1564-64-3 256.0 256.0 → 177.1 256.0 → 151.1  255.9889 176.0622 [M–HBr]+ • 

1,4-Cl2-Ant C14H8Cl2 66259-12-9 246.0 246.0 → 176.1 246.0 → 211.2  246.0004 176.0623 [M–2Cl]+• 

3,9-Cl2-Phe C14H8Cl2 7473-66-7 246.0 246.0 → 176.1 246.0 → 211.2  245.9997 176.0618 [M–2Cl]+• 

1,5-Cl2-Ant C14H8Cl2 6406-96-8 246.0 246.0 → 176.1 246.0 → 211.2  246.0005 176.0623 [M–2Cl]+• 

9,10-Cl2-Ant C14H8Cl2 605-48-1 246.0 246.0 → 176.1 246.0 → 211.2  245.9996 176.0619 [M–2Cl]+• 

1,9-Cl2-Phe C14H8Cl2 1006693-48-6 246.0 246.0 → 176.1 246.0 → 211.2  245.9997 176.0618 [M–2Cl]+• 

9,10-Cl2-Phe C14H8Cl2 17219-94-2 246.0 246.0 → 176.1 246.0 → 211.2  245.9999 176.0618 [M–2Cl]+• 

5,6-Br2-Ace C₁₂H₈Br₂ 19190-91-1 312.2 312.1 → 152.1 312.1 → 233.1  311.8974 152.0621 [M–2Br]+ • 

2,7-Br2-Fle C13H8Br2 16433-88-8 324.1 324.1 → 243.0 324.1 → 163.9  323.8981 242.9810 [M–Br]+ 

3-Cl-Flu C16H9Cl 25911-51-7 236.0 236.0 → 201.1 236.0 → 236.0c  236.0387 200.0619 [M–HCl]+ • 

8-Cl-Flu C16H9Cl 145730-31-0 236.0 236.0 → 201.1 236.0 → 236.0c  236.0385 200.0618 [M–HCl]+ • 

1-Cl-Pyr C16H9Cl 34244-14-9 236.0 236.0 → 201.1 236.0 → 236.0c  236.0388 200.0618 [M–HCl]+ • 

3,9,10-Cl3-Phe C14H7Cl3 800409-57-8 282.0 282.0 → 282.0c 282.0 → 246.7  279.9604 210.0230 [M–2Cl]+• 

3-Br-Flu C16H9Br 13438-50-1 279.9 279.9 → 200.1 279.9 → 279.9c  279.9883 200.0621 [M–HBr]+ • 

1,8-Br2-Ant C14H8Br2 131276-24-9 336.1 336.1 → 176.0 336.1 → 254.9  335.8981 176.0625 [M–2Br]+ • 

9,10-Br2-Ant C14H8Br2 523-27-3 336.1 336.1 → 176.0 336.1 → 254.9  335.8980 176.0624 [M–2Br]+ • 

1,3-Cl2-Flu C16H8Cl2 82520-76-1 269.9 269.9 → 269.9c 269.9 → 235.0  269.9999 200.0620 [M–2Cl]+• 

2,7-Br2-Phe C14H8Br2 62325-30-8 336.1 336.1 → 176.0 336.1 → 254.9  335.8973 176.0622 [M–2Br]+ • 

4-Br-Pyr C16H9Br 1732-26-9 279.9 279.9 → 200.1 279.9 → 279.9c  279.9886 200.0623 [M–HBr]+ • 

9,10-Br2-Phe C14H8Br2 15810-15-8 336.1 336.1 → 176.0 336.1 → 254.9  335.8984 176.0622 [M–2Br]+ • 

1-Br-Pyr C16H9Br 1714-29-0 279.9 279.9 → 200.1 279.9 → 279.9c  279.9892 200.0627 [M–HBr]+ • 

3,8-Cl2-Flu C16H8Cl2 25911-52-8 270.0 269.9 → 269.9c 269.9 → 235.0  269.9999 200.0622 [M–2Cl]+• 

3,6,9-Cl3-Phe C14H7Cl3 1173180-74-9 282.0 282.0 → 282.0c 282.0 → 246.7  279.9606 210.0229 [M–2Cl]+• 
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3,4-Cl2-Flu C16H8Cl2 108079-33-0 270.0 269.9 → 269.9c 269.9 → 235.0  269.9994 200.0617 [M–2Cl]+• 

9-Br-1,5-Cl2-Ant C14H7BrCl2 201406-34-0 326.0 326.0 → 209.9 326.0 → 244.8  326.9094 210.0237 [M–BrCl]+ • 

7-Cl-BaA C18H11Cl 20268-52-4 262.0 262.0 → 226.1 262.0 → 262.0c  262.0549 226.0781 [M–HCl]+ • 

6-Cl-Chr C18H11Cl 95791-46-1 262.0 262.0 → 226.1 262.0 → 262.0c  262.0542 226.0775 [M–HCl]+ • 

1,5,9,10-Cl4-Ant C14H6Cl4 82843-47-8 316.0 316.0 → 316.0c 316.0 → 244.0  315.9201 243.9851 [M–2H2Cl]+ • 

Cl3-Pyr C16H7Br3 n/a 304.0 303.8 → 234.2 303.8 → 268.8  303.9609 234.0223 [M–2Cl]+• 

1,8-Br2-Pyr C16H8Br2 38303-35-4 360.0 360.0 → 200.1 360.0 → 280.8  359.8976 200.0624 [M–2Br]+ • 

1,6-Br2-Pyr C16H8Br2 27973-29-1 360.0 360.0 → 200.1 360.0 → 280.8  359.8979 200.0624 [M–2Br]+ • 

7-Br-BaA C18H11Br 32795-84-9 305.9 305.9 → 226.1 305.9 → 305.9  306.0048 226.0779 [M–HBr]+ • 

4-Br-BaA C18H11Br 61921-39-9 305.9 305.9 → 226.1 305.9 → 305.9  306.0049 226.0783 [M–HBr]+ • 

6,12-Cl2-Chr C18H10Cl2 144757-71-1 296.0 296.0 → 226.2 296.0 → 260.1  296.0151 226.0776 [M–2Cl]+• 

7,12-Cl2-BaA C18H10Cl2 63021-10-3 296.0 296.0 → 226.2 296.0 → 260.1  296.0164 226.0782 [M–2Cl]+• 

Cl4-Pyr C16H8Br4 n/a 340.0 340.0 → 340.0c 340.0 → 267.8  339.9187 267.9838 [M–2H2Cl]+ • 

Cl4-Flu C16H8Br4 n/a 340.0 340.0 → 340.0c 340.0 → 267.8  339.9185 267.9840 [M–2H2Cl]+ • 

6-Cl-BaP C20H11Cl 21248-01-1 285.9 285.9 → 285.9c 285.9 → 249.8  286.0544 250.0776 [M–2Cl]+• 

7,11-Br2-BaA C18H10Br2 1006693-50-0 385.8 385.8 → 226.0 385.8 → 385.8c  385.9136 226.0780 [M–2Br]+ • 

2,3,9,10-Br4-Ant C14H6Cl4 82843-47-8 494.1 494.1 → 494.1c 173.9 → 173.9c  493.7140 174.0459 [M–4Br]+ • 

7,12-Br2-BaA C18H10Br2 152678-24-5 385.8 385.8 → 226.0 385.8 → 385.8c  385.9135 226.0778 [M–2Br]+ • 

Cl-Per C20H11Cl n/a 285.9 285.9 → 285.9c 285.9 → 249.8  286.0543 250.0775 [M–2Cl]+• 

4,7-Br2-BaA C18H10Br2 94210-35-2 385.8 385.8 → 226.0 385.8 → 385.8c  385.9159 226.0780 [M–2Br]+ • 

5,7-Br2-BaA C18H10Br2 1006693-52-2 385.8 385.8 → 226.0 385.8 → 385.8c  385.9139 226.0781 [M–2Br]+ • 

6-Br-BaP C20H11Br 21248-00-0 332.1 331.9 → 331.9c 331.9 → 251.2  332.0029 250.0784 [M–HBr]+ • 
a CAS number= Chemical Abstracts Service registry number 
b M+•= m/z of molecular ion 
c pseudo-transition 
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Appendix II. Additional Metrics from Chapter 3: Identification of 

Halogenated Polycyclic Aromatic Hydrocarbons in 

Biological Samples from Alberta Oil-Sands Region 
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Table II.1: List of Chemicals. 

IUPAC Name Acronym CAS numbera Source Address 

1-chloropyrene 1-Cl-Pyr 34244-14-9 Cambridge Isotope Tewksbury, MA, USA 

7-bromobenz[a]anthracene 7-Br-BaA 32795-84-9 Cambridge Isotope Tewksbury, MA, USA 

7-chlorobenz[a]anthracene 7-Cl-BaA 20268-52-4 Cambridge Isotope Tewksbury, MA, USA 

9-chloroanthracene 9-Cl-Ant 716-53-0 Cambridge Isotope Tewksbury, MA, USA 

9-chlorophenanthrene 9-Cl-Phe 947-72-8 Cambridge Isotope Tewksbury, MA, USA 

7,12-dichlorobenz[a]anthracene 7,12-Cl2-BaA 63021-10-3 Cambridge Isotope Tewksbury, MA, USA 

1-bromopyrene 1-Br-Pyr 1714-29-0  Sigma Aldrich St Louis, MO, USA 

1-chloroanthracene 1-Cl-Ant 4985-70-0 Sigma Aldrich St Louis, MO, USA 

1,5-dichloroanthracene 1,5-Cl2-Ant 6406-96-8 Sigma Aldrich St Louis, MO, USA 

2-bromofluorene  2-Br-Fle 1133-80-8 Sigma Aldrich St Louis, MO, USA 

2,7-dibromofluorene 2,7-Br2-Fle 16433-88-8 Sigma Aldrich St Louis, MO, USA 

3-bromophenanthrene 3-Br-Phe 715-50-4 Sigma Aldrich St Louis, MO, USA 

5-bromoacenaphthene 5-Br-Ana 2051-98-1  Sigma Aldrich St Louis, MO, USA 

9-bromophenanthrene 9-Br-Phe 573-17-1 Sigma Aldrich St Louis, MO, USA 

9,10-dibromoanthracene 9,10-Br2-Ant 523-27-3 Sigma Aldrich St Louis, MO, USA 

9,10-dibromophenanthrene 9,10-Br2-Phe 15810-15-8 Sigma Aldrich St Louis, MO, USA 

d8-naphthalene  1146-65-2 Cambridge Isotope Tewksbury, MA, USA 

d8-acenaphthylene  93951-97-4 Cambridge Isotope Tewksbury, MA, USA 

d10-acenaphthene  15067-26-2 Cambridge Isotope Tewksbury, MA, USA 

d10-fluorene  81103-79-9 Cambridge Isotope Tewksbury, MA, USA 

d10-phenanthrene  1517-22-2 Cambridge Isotope Tewksbury, MA, USA 

d10-pyrene  1718-52-1 Cambridge Isotope Tewksbury, MA, USA 

d12-benz(a)anthracene  1718-53-2 Cambridge Isotope Tewksbury, MA, USA 

d12-chrysene  1719-03-5 Cambridge Isotope Tewksbury, MA, USA 

d12-benzo(b)fluoranthene  93951-98-5 Cambridge Isotope Tewksbury, MA, USA 
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d12-benzo(k)fluoranthene  93952-01-3 Cambridge Isotope Tewksbury, MA, USA 

d12-benzo(a)pyrene  63466-71-7 Cambridge Isotope Tewksbury, MA, USA 

d12-indeno(1,2,3-c,d) pyrene  203578-33-0 Cambridge Isotope Tewksbury, MA, USA 

d14-dibenz(a,h)anthracene  13250-98-1 Cambridge Isotope Tewksbury, MA, USA 

d12-benzo(g,h,i)perylene  93951-66-7 Cambridge Isotope Tewksbury, MA, USA 

Naphthalene  91-20-3 Cambridge Isotope Tewksbury, MA, USA 

Acenaphthylene   208-96-8 Cambridge Isotope Tewksbury, MA, USA 

Acenaphthene  83-32-9 Cambridge Isotope Tewksbury, MA, USA 

Fluorene   86-73-7 Cambridge Isotope Tewksbury, MA, USA 

Phenanthrene  85-01-8 Cambridge Isotope Tewksbury, MA, USA 

Pyrene  129-00-0 Cambridge Isotope Tewksbury, MA, USA 

Benz(a)anthracene  56-55-3 Cambridge Isotope Tewksbury, MA, USA 

Chrysene  218-01-9 Cambridge Isotope Tewksbury, MA, USA 

Benzo(b)fluoranthene  205-99-2 Cambridge Isotope Tewksbury, MA, USA 

Benzo(k)fluoranthene  207-08-9 Cambridge Isotope Tewksbury, MA, USA 

Benzo(a)pyrene  50-32-8 Cambridge Isotope Tewksbury, MA, USA 

Indeno(1,2,3-c,d) pyrene  193-39-5 Cambridge Isotope Tewksbury, MA, USA 

Dibenz(a,h)anthracene  53-70-3 Cambridge Isotope Tewksbury, MA, USA 

Benzo(g,h,i)perylene  191-24-2 Cambridge Isotope Tewksbury, MA, USA 
a CAS number = Chemical Abstracts Service registry number
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Table II.2: Nomenclature, EI fragmentation patterns, mean measured experimental mass and mean mass accuracy of the HPAC 

standards determined using GC-HRTOF-MS. 

Compound rt (min)a 
Fragmentation 

pattern 
DBEb 

Theoretical 

mass (amu)c 

Mean measured mass ± 

SD (amu)d 

Mean mass accuracy 

± SD (ppm) 

5-Br-Ana 

C12H9Br 
12.21 

M+• 
8 

231.9882 231.9880±0.0001 -0.8046±0.3193 

[M–Br]+ 153.0699 153.0698±0.0001 -0.6141±0.2697 

2-Br-Fle 13.49 

 

M+• 
9 

243.9882 243.9879±0.0001 -1.3935±0.5249 

C13H9Br [M–Br]+ 165.0699 165.0698±0.0001 -0.6179±0.1931 

9-Cl-Phe 
14.88 

M+• 
10 

212.0387 212.0386±0.0001 -0.6052±0.4402 

C14H9Cl [M–HBr]+ • 176.0621 176.0620±0.0001 -0.1515±0.5212 

1-Cl-Ant 
15.04 

M+• 
10 

212.0387 212.0386±0.0001 -0.5502±0.4075 

C14H9Cl [M–HCl]+ • 176.0621 176.0620±0.0001 -0.1515±0.4827 

9-Cl-Ant 
15.20 

M+• 
10 

212.0387 212.0386±0.0001 -0.7310±0.4380 

C14H9Cl [M–HCl]+ • 176.0621 176.0620±0.0001 -0.3029±0.2757 

3-Br-Phe 
16.63 

M+• 
10 

255.9882 255.9880±0.0001 -0.7617±0.5278 

C14H9Br [M–HBr]+ • 176.0621 176.0620±0.0001 -0.0568±0.3921 

9-Br-Phe 
16.90 

M+• 
10 

255.9882 255.9880±0.0001 -0.7292±0.4217 

C14H9Br [M–HBr]+ • 176.0621 176.0620±0.0001 -0.3029±0.1958 

1,5-Cl2-Ant 
18.68 

M+• 
10 

245.9998 245.9995±0.0001 -0.9350±0.3736 

C14H8Cl2 [M–2Cl]+• 176.0621 176.0619±0.0001 -0.8520±0.2927 

2,7-Br2-Fle 
19.76 

M+• 
9 

321.8987 323.8962±0.0002 -1.7289±0.5996 

C13H8Br2 [M–Br-HBr]+ 163.0542 163.0542±0.0001 0.1838±0.2877 

1-Cl-Pyr 
21.63 

M+• 
12 

236.0387 236.0386±0.0001 -0.6849±0.5021 

C16H9Cl [M–Cl]+ 201.0699 201.0698±0.0001 -1.8319±0.2287 

9,10-Br2-Ant 
23.59 

M+• 
10 

335.8967 335.8964±0.0001 -1.1015±0.2909 

C14H8Br2 [M–2Br]+• 176.0621 176.0621±0.0001 0.2130±0.2389 

9,10-Br2-Phe 
23.86 

M+• 
10 

335.8967 335.8964±0.0001 -1.1015±0.2909 

C14H8Br2 [M–2Br]+• 176.0621 176.0621±0.0001 0.2130±0.2389 

1-Br-Pyr 
23.87 

M+• 
12 

279.9882 279.9880±0.0002 1.0715±0.7805 

C16H9Br [M–Br]+ 201.0699 201.0696±0.0001 -1.2433±0.4813 
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7-Cl-BaA 
26.99 

M+• 
13 

262.0544 262.0541±0.0002 -0.9387±0.4739 

C18H11Cl [M–HCl]+ • 226.0777 226.0778±0.0001 0.4512±0.1910 

7-Br-BaA 

C18H11Br 
28.60 

M+• 

[M–HBr]+ • 
13 

306.0039 

226.0777 

306.0034±0.0001 

226.0776±0.0002 

-1.3970±0.4726 

-0.5861±0.7284 

7,12-Cl2-BaA 
29.53 

M+• 
13 

296.0154 296.0150±0.0006 -1.5033±1.9878 

C18H10Cl2 [M–2Cl]+ • 226.0777 226.0777±0.0002 -0.0111±0.4327 
a rt = retention times (min)  

b DBE=double bond equivalence  
c m/z value in bold signifies the base peak in the EI full scan mass spectra  
d mean and standard deviation (SD) is of 5 replicate injections of the standard.  
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Appendix III. Additional Metrics from Chapter 4: New Approaches 

to Reduce Sample Processing Times for the 

Determination of Polycyclic Aromatic Compounds in 

Environmental Samples 
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Table III.1: List of Chemicals. 

IUPAC Name Acronym CAS numbera Source Address 

1,2-dibromoacenaphthylene 1,2-Br2-Any 13019-33-5 Sigma Aldrich St Louis, MO, USA 

1,4-dichloroanthracene 1,4-Cl2-Ant 66259-12-9 Sigma Aldrich St Louis, MO, USA 

1,5,9,10-tetrachloroanthracene  1,5,9,10-Cl4-Ant 82843-47-8 Sigma Aldrich St Louis, MO, USA 

1,5-dichloroanthracene 1,5-Cl2-Ant 6406-96-8 Sigma Aldrich St Louis, MO, USA 

1,6-dibromopyrene 1,6-Br2-Pyr 27973-29-1 Matrix Scientific Columbia, SC, USA 

1,8-dibromoanthracene 1,8-Br2-Ant 131276-24-9 Tokyo Chemical Industries  Tokyo, Japan 

1-bromopyrene 1-Br-Pyr 1714-29-0  Sigma Aldrich St Louis, MO, USA 

1-chloroanthracene 1-Cl-Ant 4985-70-0 Sigma Aldrich St Louis, MO, USA 

1-chloropyrene 1-Cl-Pyr 34244-14-9 Cambridge Isotope Tewksbury, MA, USA 

2,3,9,10-tetrabromoanthracene 2,3,9,10-Br4-Ant 82843-47-8 Sigma Aldrich St Louis, MO, USA 

2,7-dibromofluorene 2,7-Br2-Fle 16433-88-8 Sigma Aldrich St Louis, MO, USA 

2,7-dibromophenanthrene 2,7-Br2-Phe 62325-30-8 Tokyo Chemical Industries  Tokyo, Japan 

2,7-dichlorofluorene  2.7-Cl2-Fle 7012-16-0 Toronto Research Chemicals Toronto, ON, Canada 

2-bromophenanthrene 2-Br-Ant 7321-27-9 Tokyo Chemical Industries  Tokyo, Japan 

2-bromofluorene  2-Br-Fle 1133-80-8 Sigma Aldrich St Louis, MO, USA 

2-chlorofluorene 2-Cl-Fle 2523-44-6 Matrix Scientific Columbia, SC, USA 

3-bromofluoranthene 3-Br-Flu 13438-50-1 Tokyo Chemical Industries  Tokyo, Japan 

3-bromophenanthrene 3-Br-Phe 715-50-4 Sigma Aldrich St Louis, MO, USA 

4-bromobenz[a]anthracene 4-Br-BaA 61921-39-9 Tokyo Chemical Industries  Tokyo, Japan 

4-bromopyrene 4-Br-Pyr 1732-26-9 Tokyo Chemical Industries  Tokyo, Japan 

5,6-dibromo-1,2-dihydroacenaphthylene 5,6-Br2-Ana 19190-91-1 Matrix Scientific Columbia, SC, USA 

5-bromoacenaphthene 5-Br-Ana 2051-98-1  Sigma Aldrich St Louis, MO, USA 

7,12-dichlorobenz[a]anthracene 7,12-Cl2-BaA 63021-10-3 Cambridge Isotope Tewksbury, MA, USA 

7-chlorobenz[a]anthracene 7-Cl-BaA 20268-52-4 Cambridge Isotope Tewksbury, MA, USA 

9,10-dibromophenanthrene 9,10-Br2-Phe 15810-15-8 Sigma Aldrich St Louis, MO, USA 

9-bromo-1,5-dichloroanthracene 9-Br-1,5-Cl2-Ant 201406-34-0  Sigma Aldrich St Louis, MO, USA 

9-bromophenanthrene 9-Br-Phe 573-17-1 Sigma Aldrich St Louis, MO, USA 

9-Chloroanthracene 9-Cl-Ant 716-53-0 Cambridge Isotope Tewksbury, MA, USA 
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9-Chlorophenanthrene 9-Cl-Phe 947-72-8 Cambridge Isotope Tewksbury, MA, USA 

d8-naphthalene   1146-65-2 Cambridge Isotope Tewksbury, MA, USA 

d8-acenaphthylene   93951-97-4 Cambridge Isotope Tewksbury, MA, USA 

d10-acenaphthene   15067-26-2 Cambridge Isotope Tewksbury, MA, USA 

d10-fluorene   81103-79-9 Cambridge Isotope Tewksbury, MA, USA 

d10-phenanthrene   1517-22-2 Cambridge Isotope Tewksbury, MA, USA 

d10-fluoranthene   206-44-0 Cambridge Isotope Tewksbury, MA, USA 

d10-pyrene   1718-52-1 Cambridge Isotope Tewksbury, MA, USA 

d12-benz(a)anthracene   1718-53-2 Cambridge Isotope Tewksbury, MA, USA 

d12-chrysene   1719-03-5 Cambridge Isotope Tewksbury, MA, USA 

d12-benzo(b)fluoranthene   93951-98-5 Cambridge Isotope Tewksbury, MA, USA 

d12-benzo(k)fluoranthene   93952-01-3 Cambridge Isotope Tewksbury, MA, USA 

d12-benzo(a)pyrene   63466-71-7 Cambridge Isotope Tewksbury, MA, USA 

d12-indeno(1,2,3-c,d) pyrene   203578-33-0 Cambridge Isotope Tewksbury, MA, USA 

d14-dibenz(a,h)anthracene   13250-98-1 Cambridge Isotope Tewksbury, MA, USA 

d12-benzo(g,h,i)perylene   93951-66-7 Cambridge Isotope Tewksbury, MA, USA 

Naphthalene   91-20-3 Accustandard Inc. New Haven, CT, USA 

Acenaphthylene    208-96-8 Accustandard Inc. New Haven, CT, USA 

Acenaphthene   83-32-9 Accustandard Inc. New Haven, CT, USA 

Fluorene    86-73-7 Accustandard Inc. New Haven, CT, USA 

Phenanthrene   85-01-8 Accustandard Inc. New Haven, CT, USA 

Anthracene   120-12-7 Accustandard Inc. New Haven, CT, USA 

Fluoranthene    206-44-0 Accustandard Inc. New Haven, CT, USA 

Pyrene   129-00-0 Accustandard Inc. New Haven, CT, USA 

Benz(a)anthracene   56-55-3 Accustandard Inc. New Haven, CT, USA 

Chrysene   218-01-9 Accustandard Inc. New Haven, CT, USA 

Benzo(b)fluoranthene   205-99-2 Accustandard Inc. New Haven, CT, USA 

Benzo(k)fluoranthene   207-08-9 Accustandard Inc. New Haven, CT, USA 

Benzo(a)pyrene   50-32-8 Accustandard Inc. New Haven, CT, USA 

Indeno(1,2,3-c,d) pyrene   193-39-5 Accustandard Inc. New Haven, CT, USA 

Dibenz(a,h)anthracene   53-70-3 Accustandard Inc. New Haven, CT, USA 
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Benzo(g,h,i)perylene   191-24-2 Accustandard Inc. New Haven, CT, USA 

d10-anthracene    120-12-7 Accustandard Inc. New Haven, CT, USA 

1,2,5,6-tetramethylnaphthalene   2131-43-3 Chiron AS Trondheim, Norway 

1,2,6,9-tetramethylphenanthrene   204256-39-3 Chiron AS Trondheim, Norway 

1,2,6-trimethylphenanthrene   30436-55-6 Chiron AS Trondheim, Norway 

1,3,6-trimethylchrysene   1586755-28-3 Chiron AS Trondheim, Norway 

1,3-dimethylphenanthrene   16664-45-2 Chiron AS Trondheim, Norway 

1,4,6,7-tetramethylnaphthalene   13764-18-6 Chiron AS Trondheim, Norway 

1,6-dimethylnaphthalene   575-43-9 Chiron AS Trondheim, Norway 

1,7-dimethylfluorene   442-66-0 Chiron AS Trondheim, Norway 

1,7-dimethylphenanthrene   483-87-4 Chiron AS Trondheim, Norway 

1,8-dimethylphenanthrene   7372-87-4 Chiron AS Trondheim, Norway 

1-methylfluorene   1730-37-6 Chiron AS Trondheim, Norway 

1-methylnaphthalene   90-12-0 AccuStandard Inc. New Haven, CT, USA 

1-methylphenanthrene   832-69-9 AccuStandard Inc. New Haven, CT, USA 

1-methylpyrene   2381-21-7 Chiron AS Trondheim, Norway 

2,3,5-trimethylnaphthalene   2245-38-7 Chiron AS Trondheim, Norway 

2,6-dimethylnaphthalene   581-42-0 AccuStandard Inc. New Haven, CT, USA 

2-methylchrysene   3351-32-4 Chiron AS Trondheim, Norway 

2-methylnaphthalene   91-57-6 AccuStandard Inc. New Haven, CT, USA 

2-methylphenanthrene   2531-84-2 AccuStandard Inc. New Haven, CT, USA 

3,6-mimethylphenanthrene   1576-67-6 Chiron AS Trondheim, Norway 

3-methylphenanthrene   832-71-3 Chiron AS Trondheim, Norway 

4,5-dimethylpyrene   15679-25-1 Chiron AS Trondheim, Norway 

4-methylpyrene   3353-12-06 Chiron AS Trondheim, Norway 

7-methylbenzo[a]pyrene   63041-77-0 Chiron AS Trondheim, Norway 

9-methylphenanthrene   883-20-5 Chiron AS Trondheim, Norway 

1-methyl-7-isopropylphenanthrene (Retene)   483-65-8 Chiron AS Trondheim, Norway 
a CAS number = Chemical Abstracts Service registry number   
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Table III.2: Mass spectrometric parameters for HPAH analysis: MS/MS ion transitions and collision energy (CE). 

Acronym Quantification 

transition 

Confirmation 

transition 

Confirmation 

transition 2 

CE (eV) 

1,2-Br2-Any 310.0→149.9 310.0→228.9 
 

25 

1,4-Cl2-Ant 246.0→176.1 246.0→211.2 246.0→246.0 25 

1,5,9,10-Cl4-Ant 316.0→316.0 316.0→244.0 316.0→280.9 25 

1,5-Cl2-Ant 246.0→175.9 246.0→210.0 246.0→246.0 25 

1,6-Br2-Pyr 360.1→200.0 360.1→279.0 
 

25 

1,8-Br2-Ant 335.9→176.0 335.9→256.9 
 

25 

1-Br-Pyr 279.9→201.0 279.9→279.9 
 

25 

1-Cl-Ant 212.0→176.0 212.0→151.0 212.0→212.0 25 

1-Cl-Pyr 236.0→201.1 236.0→236.0 236.0→200.1 15 

2,3,9,10-Br4-Ant 494.1→494.1 173.9→173.9 
 

15 

2,7-Br2-Fle 324.0→243.0 324.0→163.9 324.0→324.0 15 

2,7-Br2-Phe 335.9→176.0 335.9→256.9 
 

25 

2.7-Cl2-Fle 234.0→199.1 234.0→234.0 
 

15 

2-Br-Ant 256.0→177.1 256.0→151.1 256.0→256.0 15 

2-Br-Fle 165.0→165.0 165.0→164.0 243.9→165.0 5 

2-Cl-Fle 164.9→164.9 199.9→165.0 
 

5 

3-Br-Flu 279.9→200.1 279.9→279.9 
 

25 

3-Br-Phe 256.0→177.1 256.0→151.1 256.0→256.0 15 

4-Br-BaA 308.0→225.9 308.0→308.0 
 

25 

4-Br-Pyr 279.9→200.1 279.9→279.9 
 

25 

5,6-Br2-Ana 312.1→152.1 312.1→233.1 312.1→312.1 15 

5-Br-Ana 234.1→153.1 234.1→234.1 153.1→153.1 25 

7,12-Cl2-BaA 296.0→226.2 296.0→260.1 296.0→296.0 25 

7-Cl-BaA 261.9→226.1 262.0→262.0 
 

25 
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9,10-Br2-Phe 335.9→176.0 335.9→256.9 
 

25 

9-Br-1,5-Cl2-Ant 326.0→209.9 326.0→244.8 326.0→326.0 15 

9-Br-Phe 256.0→177.1 256.0→151.1 256.0→256.0 15 

9-Cl-Ant 212.0→176.0 212.0→151.0 212.0→212.0 25 

9-Cl-Phe 212.0→176.0 212.0→151.0 212.0→212.0 25 
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Appendix IV. Additional Metrics from Chapter 5: Microbead 

Beating Extraction of Avian Eggs for Polycyclic 

Aromatic Compounds 
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Figure IV.1: Mean concentrations ± standard deviation (pg μL-1, n = 3) of selected PAHs in method blanks using different weights of 

microbeads in our high-density tubes. 
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Figure IV.2: The effect of microbead weight (a: 0g, b: 0.5g, c: 1.0g and d: 2.5g) on the integrity of lids. Note the white color on some 

of the lids indicating the indentation caused by impact of microbeads on the lids. 
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Appendix V. Additional Metrics from Chapter 6: Comparison of 

Different Approaches to Quantify Substituted 

Polycyclic Aromatic Compounds 

 



XX 
 

Table V.1: List of individual substituted PACs. 

 
 

 

No. Individual Substituted Alkylated PACs 

1 1-methylnaphthalene 

2 2-methylnaphthalene 

3 2,6-dimethylnaphthalene 

4 2,3,5-trimethylnaphthalene 

5 1,4,6,7-tetramethylnaphthalene 

6 1-methylfluorene 

7 1,7-dimethylfluorene 

8 5-methylchrysene 

9 1,3,6-trimethylchrysene 

10 1-methylpyrene 

11 4-methylpyrene 

12 4,5-dimethylpyrene 

13 1-methylphenanthrene 

14 2-methylphenanthrene 

15 3-methylphenanthrene 

16 9-methylphenanthrene 

17 1,3-dimethylphenanthrene 

18 2,6-dimethylphenanthrene 

19 1,7-dimethylphenanthrene 

20 1,8-dimethylphenanthrene 

21 3,6-dimethylphenanthrene 

22 1,2,6-trimethylphenanthrene 

23 1,2,6,9-tetramethylphenanthrene 

24 7-methylbenzo(a)pyrene 

25 dibenzothiophene 

26 4-methyldibenzothiophene 

27 2,8-dimethyldibenzothiophene 

28 2,4,7-trimethyldibenzothiophene 
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Table V.2: Substituted PACs used as external standards. 

Compound Cluster Quantifying Compound 

C1-Naphthalenes 1-methylnaphthalene/2-methylnaphthalene 

C2-Naphthalenes 2,6-dimethylnaphthalene 

C3-Naphthalenes 2,3,5-trimethylnaphthalene 

C4-Naphthalenes 1,4,6,7-tetramethylnaphthalene 

C1-Fluorenes 1-methylfluorene 

C2;C3-Fluorenes 1,7-dimethylfluorene 

C1-Chrysene/C2-Benzanthracenes/Chrysenes/Triphenylenes 5-methylchrysene 

C3-;C4-Benzanthracenes/Chrysenes/Triphenylenes 1,3,6-trimethylchrysene 

C1-Pyrenes/Fluoranthenes 4-methylpyrene 

C2-;C3-;C4-Pyrenes/Fluoranthenes 4,5-dimethylpyrene 

C1-Phenanthrenes/Anthracenes 3-methylphenanthrene 

C2-Phenanthrenes/Anthracenes 1,3-dimethylphenanthrene 

C3-Phenanthrene/Anthracenes 1,2,6-trimethylphenanthrene 

C4-Phenanthrenes/Anthracenes 1,2,6,9-tetramethylphenanthrene 

C1-;C2-Benzo(a)pyrenes 7-methylbenzo(a)pyrene 

C1-Dibenzothiophenes 4-methyl dibenzothiophene 

C2-Dibenzothiophenes 2,8-dimethyldibenzothiophene 

C3-;C4-Dibenzothiophenes 2,4,7-trimethyldibenzothiophene 
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Table V.3: Average relative response factor (ARRF) for 16 USEPA PAHs in our standards that was 

used to quantify the 3 SRMs. 

Analytes SRM 19441 SRM 1597a2 SRM 27793 

Acenaphthene 1.17 1.18 1.02 

Acenaphthylene 1.05 1.50 1.02 

Anthracene 1.62 2.11 1.47 

Benz(a)anthracene 1.50 1.35 1.42 

Benzo(a)pyrene 1.57 1.63 1.69 

Benzo(b)fluoranthene 1.54 1.76 1.62 

Benzo(g,h,i)perylene 1.50 1.48 1.50 

Benzo(k)fluoranthene 1.53 1.81 1.28 

Chrysene 1.52 1.47 1.17 

Dibenz(a,h)anthracene 1.21 1.22 1.17 

Fluoranthene 1.68 1.51 1.47 

Fluorene 0.50 0.78 0.51 

Indeno(1,2,3-c,d)pyrene 1.28 1.21 1.24 

Naphthalene 0.42 0.31 0.36 

Phenanthrene 1.75 2.12 1.65 

Pyrene 1.97 1.80 1.70 
1 These are the ARRFs from our standard that was used to quantify SRM 1944.  
2 These are the ARRFs from our standard that was used to quantify SRM 1597a.  
3 These are the ARRFs from our standard that was used to quantify SRM 2779. 

 

  



XXIII 
 

Table V.4: Closest eluting mass labeled PAHs for each group of substituted PACs. 

Substituted PAH cluster Deuterated PAH 

C1-Naphthalene d10-Naphthalene 

C2-Naphthalene d10-Acenapthylene 

C3-Naphthalene d10-Phenanthrene 

C4-Naphthalene d10-Phenanthrene 

C1-Phenanthrene d10-Phenanthrene 

C2-Phenanthrene d10-Fluoranthene 

C3-Phenanthrene d10-Pyrene 

C4-Phenanthrene d10-Pyrene 

C1-Dibenzothiophenes d10-Phenanthrene 

C2-Dibenzothiophenes d10-Fluoranthene 

C3-Dibenzothiophenes d10-Pyrene 

C4-Dibenzothiophenes d10-Pyrene 

C1-Fluoranthenes/Pyrenes d10-Pyrene 

C2-Fluoranthenes/Pyrenes d12-Benz(a)anthracene 

C3-Fluoranthenes/Pyrenes d12-Benz(a)anthracene 

C4-Fluoranthenes/Pyrenes d12-Benz(a)anthracene 

C1-Benzanthracenes/Chrysenes/Triphenylenes d12-Chrysene 

C2-Benzanthracenes/Chrysenes/Triphenylenes d12-Chrysene 

C3-Benzanthracenes/Chrysenes/Triphenylenes d10-Benzo(a)pyrene 

C4-Benzanthracenes/Chrysenes/Triphenylenes d10-Benzo(a)pyrene 

C1-Fluorenes d10-Fluorene 

C2-Fluorenes d10-Phenanthrene 

C3-Fluorenes d10-Phenanthrene 

C1-Benzo(a)pyrene d12-Benzo(a)pyrene 

C2-Benzo(a)pyrene d12-Benzo(a)pyrene 
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Table V.5: Average relative response factor (ARRF) for substituted PACs in our standards that was used to quantify the 3 SRMs. 

Analytes 

Average relative response factor 

(Method 2&3) 
 

Average relative response factor 

(Method 4) 

SRM 

19441 

SRM 

1597a2 

SRM 

27793  
SRM 

19441 

SRM 

1597a2 

SRM 

27793 

2-methylnaphthalene  1.43 1.21 1.37  0.58 0.46 0.75 

1-methylnaphthalene  1.31 1.10 1.20  0.53 0.42 0.66 

3-methylphenanthrene 0.97 1.04 1.11  0.65 0.52 0.65 

2-methylphenanthrene  0.87 1.10 1.12  0.65 0.55 0.66 

9- & 4-methylphenanthrene  1.09 1.07 1.14  0.72 0.54 0.67 

1-methylphenanthrene 1.03 1.07 1.10  0.68 0.53 0.65 

2,6-dimethylphenanthrene  0.91 0.84 -  0.60 0.41 - 

1,7-dimethylphenanthrene  0.49 0.57 0.59  0.33 0.28 0.34 

1,8-dimethylphenanthrene  0.47 0.49 -  0.31 0.24 - 

4-methylpyrene  1.54 1.77 1.90  0.34 0.43 0.58 

1-methylpyrene  1.42 1.69 1.82  0.32 0.41 0.56 

2,6-dimethylnaphthalene - 0.84 -  - 0.32 - 

Dibenzothiophene - 1.02 1.16  - 0.25 0.35 

4-methyldibenzothiophene - 2.48 -  - 0.60 - 

Benzo[b]naphtho[1,2-d]thiophene  - 1.02 -  - 0.29 - 

Benzo[b]naphtho[2,3-d]thiophene  - 1.16 -  - 0.33 - 

C2-Naphthalenes 

(2,6-dimethylnaphthalene) 
- - 0.91  - - 0.50 

C3-Naphthalenes 

(2,3,5-trimethylnaphthalene) 
- - 0.82  - - 0.44 

C4-Naphthalenes 

(1,2,5,6-tetramethylnaphtalene) 
- - 0.79  - - 0.43 

C1-Phenanthrenes/Anthracenes 

(3-methylphenanthrene) 
- - 1.11  - - 0.65 

C2-Phenanthrenes/Anthracenes 

(1,3-dimethylphenanthrene) 
- - 0.76  - - 0.45 
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C3-Phenanthrenes/Anthracenes 

(1,2,6-trimethylphenanthrene) 
- - 1.23  - - 0.71 

C4-Phenanthrenes/Anthracenes 

(1,2,6,9-tetramethylphenanthrene) 
- - 0.53  - - 0.31 

C1-Benzanthracenes/Chrysenes/Triphenylenes 

(6-methylchrysene) 
- - 0.04  - - 0.01 

C2-Benzanthracenes/Chrysenes/Triphenylenes 

(6-methylchrysene) 
- - 0.12  - - 0.12 

C3-Benzanthracenes/Chrysenes/Triphenylenes 

(1,3,6-trimethylchrysene) 
- - 0.19  - - 0.04 

C4-Benzanthracenes/Chrysenes/Triphenylenes 

(1,3,6-trimethylchrysene) 
- - 0.19  - - 0.04 

C1-Fluorenes 

(1-methylfluorene) 
- - 1.82  - - 0.53 

C2-Fluorenes 

(1,7-dimethylfluorene) 
- - 1.36  - - 0.42 

C3-Fluorenes 

(1.7-dimethylfluorene) 
- - 1.36  - - 0.42 

C1-Dibenzothiophenes  

(4-methyldibenzothiophene) 
- - 2.73  - - 0.84 

C2-Dibenzothiophenes 

(2,8-dimethyldibenzothiophene) 
- - 0.76  - - 0.22 

C3-Dibenzothiophenes 

(2,4,7-trimethyldibenzothiophene) 
- - 1.43  - - 0.44 

C4-Dibenzothiophenes 

(2,4,7-trimethyldibenzothiophene) 
- - 1.43  - - 0.44 

C1-Fluoranthenes/Pyrenes 

(4-methylpyrene) 
- - 1.90  - - 0.58 

C2-Fluoranthenes/Pyrenes 

(4,5-dimethylpyrene) 
- - 1.23  - - 0.38 

C3-Fluoranthenes/Pyrenes 

(4,5-dimethylpyrene) 
- - 1.23  - - 0.38 
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C4-Fluoranthenes/Pyrenes 

(4,5-dimethylpyrene) 
- - 1.23  - - 0.38 

1 These are the ARRFs from our standard that was used to quantify SRM 1944.  
2 These are the ARRFs from our standard that was used to quantify SRM 1597a.  
3 These are the ARRFs from our standard that was used to quantify SRM 2779. 
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Table V.6: Certified and measured concentrations (mean  standard deviation, mg/kg) of 16 US-EPA PAHs in 3 standard reference 

materials determined using the isotope dilution approach to quantitation and GC/MS/MS using multiple reaction monitoring for 

detection. 

Analytes 

Certified/ Reference Concentrations (mg/kg)  Measured Concentrations (mg/kg) 

SRM 1944 

 

SRM 1597a 

 

SRM 2779 

 
 

SRM 19441 

(%) c 

SRM 1597a2 

(%) c 

SRM 27793 

(%) c 

Acenaphthene 0.39 ± 0.03 b 7.63 ± 0.26 a n/a  
0.31 ± 0.03 

(-19.4%) 

7.76 ± 0.39 

(1.6%) 

22.33 ± 0.79 

(n/a) 

Acenaphthylene n/a 263.00 ± 7.00 a 8.09 ± 0.10 b  
0.86 ± 0.05 

(n/a) 

221.27 ± 15.78 

(-15.9%) 

12.39 ± 0.59 

(53.2%) 

Anthracene 1.13 ± 0.07 b 107.00 ± 3.00 a 3.42 ± 0.59 a  
1.28 ± 0.05 

(13.5%) 

102.03 ± 5.83 

(-4.6%) 

4.75 ± 0.10 

(39.0%) 

Benz(a)anthracene 4.72 ± 0.11 a 98.10 ± 2.30 a 7.03 ± 0.85 a  
3.68 ± 0.18 

(-22.1%) 

78.27 ± 6.45 

(-20.2%) 

7.15 ± 0.83 

(1.7%) 

Benzo(a)pyrene 4.30 ± 0.13 a 93.50 ± 1.40 a 1.36 ± 0.35 b  
3.45 ± 0.23 

(-19.9%) 

69.98 ± 2.65 

(-25.2%) 

1.26 ± 0.20 

(-7.6%) 

Benzo(b)fluoranthene 3.87 ± 0.42 a 66.10 ± 4.40 a 5.62 ± 0.34 a  
3.40 ± 0.32 

(-12.1%) 

52.64 ± 3.80 

(-20.4%) 

4.97 ± 0.72 

(-11.6%) 

Benzo(g,h,i)perylene 2.84 ± 0.10 a 50.5 ± 0.60 a 2.11 ± 0.26 a  
2.59 ± 0.15 

(-8.8%) 

41.71 ± 1.85 

(-17.4%) 

2.07 ± 0.29 

(-1.8%) 

Benzo(k)fluoranthene 2.30 ± 0.20 a 41.20 ± 0.40 a 0.66 ± 0.28 b  
2.34 ± 0.16 

(1.6%) 

38.09 ± 3.76 

(-7.6%) 

0.61 ± 0.09 

(-7.2%) 

Chrysene 4.87 ± 0.10 a 66.20 ± 5.30 a 47.40 ± 1.70 a  
5.22 ± 0.33 

(7.4%) 

70.64 ± 3.72 

(6.7%) 

53.69 ± 2.73 

(13.3%) 

Dibenz(a,h)anthracene 0.424 ± 0.069 a 6.93 ± 0.40 a 0.574 ± 0.091 a  
0.79 ± 0.04 

(85.9%) 

8.13 ± 0.62 

(17.3%) 

1.77 ± 0.11 

(208%) 

Fluoranthene 8.92 ± 0.32 a 327.00 ± 7.00 a 4.36 ± 0.40 a  
7.99 ± 0.30 

(-10.4%) 

273.83 ± 18.74 

(-16.3%) 

3.45 ± 0.39 

(-20.8%) 

Fluorene 0.48 ± 0.04 b 145.00 ± 4.00 a 145.00 ± 43 b  
0.39 ± 0.02 

(-17.9%) 

118.58 ± 7.66 

(-18.2%) 

144.48 ± 1.30 

(0.4%) 

Indeno(1,2,3-c,d)pyrene 2.78 ± 0.10 a 55.50 ± 0.80 a 0.48 ± 0.14 b  
2.62 ± 0.12 

(-5.8%) 

41.09 ± 3.08 

(-26.0%) 

0.26 ± 0.08 

(-45.7%) 
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Naphthalene 1.28 ± 0.04 b 1030.00 ± 100 a 855.00 ± 46.00 a  
1.71 ± 0.05 

(33.8%) 

908.16 ± 114.73 

(-11.8%) 

879.21 ± 23.21 

(2.8%) 

Phenanthrene 5.27 ± 0.22 a 454.00 ± 7.00 a 258.00 ± 27.00 a  
5.92 ± 0.23 

(12.3%) 

396.86 ± 25.01 

(-12.6%) 

273.75 ± 11.36 

(6.1%) 

Pyrene 9.70 ± 0.42 a 240.00 ± 7.00 a 14.81 ± 0.39 a  
8.19 ± 0.36 

(-15.6%) 

204.63 ± 16.16 

(-14.7%) 

10.13 ± 1.04 

(-31.6%) 
1 Seven replicate measurements  
2 Three replicate measurements  
3 Three replicate measurements  
a Certified Mass Fractions  

b Reference Mass Fraction  
c Percentage difference 
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Table V.7: Certified and measured concentrations (mean  standard deviation, mg/kg) of APAHs in 3 standard reference materials 

determined using the external calibration approach to (Method 1) quantitation and GC/MS/MS using multiple reaction monitoring for 

detection. 

Analytes 

Certified/Reference Concentrations (mg/kg)  Measured Concentrations (mg/kg) 

SRM 1944 SRM 1597a SRM 2779  
SRM 19441 

(%) c 

SRM 1597a2 

(%) c 

SRM 27793 

(%) c 

2-methylnaphthalene  0.74 ± 0.06 b 95.00 ± 2.90 b 1630.00 ± 50.00 a  
0.88 ± 0.07 

(18.7%) 

128.36 ± 7.80 

(35.1%) 

1740.39 ± 139.07 

(6.8%) 

1-methylnaphthalene  0.47 ± 0.02 b 43.90 ± 1.80 b 1140.00 ± 20.00 a  
0.46 ± 0.02 

(-3.0%) 

42.77 ± 3.18 

(-2.6%) 

1211.39 ± 93.23 

(6.3%) 

3-methylphenanthrene 2.10 ± 0.10 b 15.80 ± 0.80 a 206.00 ± 32.00 a  
2.23 ± 0.16 

(6.2%) 

15.96 ± 0.91 

(3.6%) 

209.30 ± 15.65 

(1.6%) 

2-methylphenanthrene  1.90 ± 0.06 b 19.10 ± 1.10 a 230.00 ± 14.00 a  
1.88 ± 0.11 

(-1.2%) 

20.07 ± 1.35 

(5.08%) 

241.80 ± 20.09 

(5.1%) 

9- & 4-methylphenanthrene  1.60 ± 0.20 b 5.31 ± 0.50 a 232.00 ± 19.00 a  
1.51 ± 0.10 

(-5.9%) 

10.61 ± 0.33 

(67.1%) 

269.86 ± 23.69 

(16.3%) 

1-methylphenanthrene 1.70 ± 0.10 b 9.23 ± 0.22 a 169.00 ± 10.00 a  
1.39 ± 0.10 

(-18.2%) 

9.05 ± 1.96 

(-2.0%) 

191.30 ± 16.17 

(13.2%) 

2,6-dimethylphenanthrene  0.79 ± 0.02 b 1.06 ± 0.24 b n/a  
0.49 ± 0.02 

(-37.8%) 

1.20 ± 0.07 

(13.6%) 

n/a 

n/a 

1,7-dimethylphenanthrene  0.62 ± 0.02 b 1.43 ± 0.10 b 110.00 ± 12.00 b  
0.56 ± 0.04 

(-10.1%) 

1.23 ± 0.07 

(-13.8%) 

101.88 ± 13.22 

(-7.4%) 

1,8-dimethylphenanthrene  0.24 ± 0.01 b 0.26 ± 0.05 b n/a  
0.25 ± 0.02 

(5.0%) 

0.37 ± 0.03 

(43.9%) 

n/a 

n/a 

4-methylpyrene  1.44 ± 0.03 b 5.13 ± 0.36 b 21.60 ± 1.50 b  
1.20 ± 0.06 

(-16.5%) 

3.93 ± 0.25 

(-23.5%) 

20.26 ± 2.87 

(-6.2%) 

1-methylpyrene  1.29 ± 0.03 b 4.60 ± 1.10 b 12.10 ± 1.80 b  
0.93 ± 0.05 

(-28.1%) 

4.12 ± 0.29 

(-10.4%) 

15.34 ± 1.11 

(26.8%) 

2,6-dimethylnaphthalene n/a 5.75 ± 0.63 b n/a  
n/a 

n/a 

9.16 ± 0.72 

(59.3%) 

n/a 

n/a 

Dibenzothiophene n/a 17.70 ± 0.40 b 51.8 ± 2.10 a  
n/a 
n/a 

31.30 ± 2.13 
(76.8%) 

51.28 ± 4.85 
(-1.0%) 

4-methyldibenzothiohene n/a 1.37 ± 0.08 b n/a  
n/a 

n/a 

1.38 ± 0.07 

(1.0%) 

n/a 

n/a 
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Benzo[b]naphtho[2,3-d]thiophene  n/a 3.68 ± 0.59 b n/a  
n/a 

n/a 

3.21 ± 0.27 

(-12.7%) 

n/a 

n/a 

Benzo[b]naphtho[1,2-d]thiophene  n/a 2.41 ± 0.21b n/a  
n/a 

n/a 

2.03 ± 0.19 

(-15.9%) 

n/a 

n/a 

C2-Naphthalenes n/a n/a 2170.00 ± 360.00 b  
n/a 

n/a 

n/a 

n/a 

3989.28 ± 308.97 

(83.8%) 

C3-Naphthalenes n/a n/a 1380.00 ± 270.00 b  
n/a 

n/a 

n/a 

n/a 

3323.01 ± 321.27 

(140.8%) 

C4-Naphthalenes n/a n/a 700.00 ± 130.00 b  
n/a 

n/a 

n/a 

n/a 

695.45 ± 43.34 

(-0.6%) 

C1-Phenanthrenes/Anthracenes n/a n/a 670.00 ± 90.00 b  
n/a 

n/a 

n/a 

n/a 

931.21 ± 76.04 

(39.0%) 

C2-Phenanthrenes/Anthracenes n/a n/a 630.00 ± 60.00 b  
n/a 

n/a 

n/a 

n/a 

1003.40 ± 130.28 

(59.3%) 

C3-Phenanthrenes/Anthracenes n/a n/a 400.00 ± 50.00 b  
n/a 

n/a 

n/a 

n/a 

657.22 ± 68.43 

(64.3%) 

C4-Phenanthrenes/Anthracenes n/a n/a 200.00 ± 30.00 b  
n/a 

n/a 

n/a 

n/a 

134.48 ± 20.25 

(-32.8%) 

C1-Benzanthracenes/Chrysenes/Triphenylenes n/a n/a 110.00 ± 7.00 b  
n/a 

n/a 

n/a 

n/a 

306.65 ± 14.44 

(178.8%) 

C2-Benzanthracenes/Chrysenes/Triphenylenes n/a n/a 130.00 ± 18.00 b  
n/a 

n/a 

n/a 

n/a 

467.50 ± 64.20 

(259.6%) 

C3-Benzanthracenes/Chrysenes/Triphenylenes n/a n/a 93.00 ± 12.00 b  
n/a 

n/a 

n/a 

n/a 

107.49 ± 4.49 

(15.6%) 

C4-Benzanthracenes/Chrysenes/Triphenylenes n/a n/a 71.00 ± 16.00 b  
n/a 

n/a 

n/a 

n/a 

19.55 ± 4.11 

(-78.5%) 

C1-Fluorenes n/a n/a 300.00 ± 60.00 b  
n/a 

n/a 

n/a 

n/a 

474.49 ± 60.23 

(58.2%) 

C2-Fluorenes n/a n/a 380.00 ± 30.00 b  
n/a 

n/a 

n/a 

n/a 

584.91 ± 58.54 

(53.9%) 

C3-Fluorenes n/a n/a 270.00 ± 40.00 b  
n/a 

n/a 

n/a 

n/a 

133.48 ± 13.16 

(-50.6%) 

C1-Dibenzothiophenes n/a n/a 130.00 ± 20.00 b  
n/a 

n/a 

n/a 

n/a 

208.75 ± 22.70 

(60.6%) 

C2-Dibenzothiophenes n/a n/a 160.00 ± 20.00 b  
n/a 
n/a 

n/a 
n/a 

390.01 ± 46.73 
(143.8%) 
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C3-Dibenzothiophenes n/a n/a 110.00 ± 10.00 b  
n/a 

n/a 

n/a 

n/a 

262.14 ± 32.80 

(138.3%) 

C4-Dibenzothiophenes n/a n/a 56.00 ± 10.00 b  
n/a 

n/a 

n/a 

n/a 

59.73 ± 8.26 

(6.7%) 

C1-Fluoranthenes/Pyrenes n/a n/a 67.00 ± 7.00 b  
n/a 

n/a 

n/a 

n/a 

149.48 ± 9.43 

(123.1%) 

C2-Fluoranthenes/Pyrenes n/a n/a 130.00 ± 10.00 b  
n/a 

n/a 

n/a 

n/a 

177.06 ± 20.32 

(36.2%) 

C3-Fluoranthenes/Pyrenes n/a n/a 120.00 ± 20.00 b  
n/a 

n/a 

n/a 

n/a 

39.85 ± 3.79 

(-66.8%) 

C4-Fluoranthenes/Pyrenes n/a n/a 87.00 ± 21.00 b  
n/a 

n/a 

n/a 

n/a 

35.97 ± 5.66 

(-58.7%) 
1 Seven replicate measurements  

2 Three replicate measurements  
3 Three replicate measurements  
a Certified Mass Fractions  

b Reference Mass Fraction  
c Percentage difference 
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Table V.8: Certified and measured concentrations (mean  standard deviation, mg/kg) of APAHs in 3 standard reference materials 

determined using the external calibration approach (Method 2) to quantitation and GC/MS/MS using multiple reaction monitoring for 

detection. 

Analytes 

Certified/Reference Concentrations (mg/kg)  Measured Concentrations (mg/kg) 

SRM 1944 SRM 1597a SRM 2779  
SRM 19441 

(%) c 

SRM 1597a2 

(%) c 

SRM 27793 

(%) c 

2-methylnaphthalene  0.74 ± 0.06 b 95.00 ± 2.90 b 1630.00 ± 50.00 a  
0.85 ± 0.06 

(15.2%) 

132.17 ± 8.05 

(39.1%) 

1736.96 ± 139.03 

(6.6%) 

1-methylnaphthalene  0.47 ± 0.02 b 43.90 ± 1.80 b 1140.00 ± 20.00 a  
0.45 ± 0.02 

(-3.8%) 

46.06 ± 3.31 

(1.5%) 

1232.23 ± 94.98 

(8.1%) 

3-methylphenanthrene 2.10 ± 0.10 b 15.80 ± 0.80 a 206.00 ± 32.00 a  
2.34 ± 0.16 

(11.4%) 

19.20 ± 0.96 

(9.9%) 

223.05 ± 16.70 

(8.3%) 

2-methylphenanthrene  1.90 ± 0.06 b 19.10 ± 1.10 a 230.00 ± 14.00 a  
2.01 ± 0.12 

(5.6%) 

23.54± 1.43 

(11.8%) 

255.70 ± 21.27 

(11.2%) 

9- & 4-methylphenanthrene  1.60 ± 0.20 b 5.31 ± 0.50 a 232.00 ± 19.00 a  
1.61 ± 0.11 

(0.6%) 

13.11 ± 0.36 

(82.7%) 

284.10 ± 24.98 

(22.5%) 

1-methylphenanthrene 1.70 ± 0.10 b 9.23 ± 0.22 a 169.00 ± 10.00 a  
1.48 ± 0.11 

(-12.7%) 

10.91 ± 0.47 

(7.3%) 

203.05 ± 17.19 

(20.2%) 

2,6-dimethylphenanthrene  0.79 ± 0.02 b 1.06 ± 0.24 b n/a  
0.55 ± 0.02 

(-29.8%) 

1.30 ± 0.06 

(-1.6%) 

n/a 

n/a 

1,7-dimethylphenanthrene  0.62 ± 0.02 b 1.43 ± 0.10 b 110.00 ± 12.00 b  
0.60 ± 0.04 

(-2.6%) 

1.59 ± 0.07 

(-14.0%) 

107.34 ± 13.95 

(-2.4%) 

1,8-dimethylphenanthrene  0.24 ± 0.01 b 0.26 ± 0.05 b n/a  
0.28 ± 0.02 

(15.7%) 

0.47 ± 0.03 

(29.8%) 

n/a 

n/a 

4-methylpyrene  1.44 ± 0.03 b 5.13 ± 0.36 b 21.60 ± 1.50 b  
1.31 ± 0.07 

(-9.2%) 

4.23 ± 0.27 

(-17.5%) 

20.70 ± 2.99 

(-4.2%) 

1-methylpyrene  1.29 ± 0.03 b 4.60 ± 1.10 b 12.10 ± 1.80 b  
1.01 ± 0.05 

(-21.6%) 

4.46 ± 0.31 

(-3.0%) 

15.54 ± 1.12 

(28.4%) 

2,6-dimethylnaphthalene n/a 5.75 ± 0.63 b n/a  
n/a 

n/a 

10.93 ± 0.72 

(59.3%) 

n/a 

n/a 

Dibenzothiophene n/a 17.70 ± 0.40 b 51.8 ± 2.10 a  
n/a 
n/a 

33.26 ± 2.26 
(87.9%) 

51.30 ± 4.85 
(-1.0%) 

4-methyldibenzothiohene n/a 1.37 ± 0.08 b n/a  
n/a 

n/a 

1.50 ± 0.08 

(9.4%) 

n/a 

n/a 
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Benzo[b]naphtho[2,3-d]thiophene  n/a 3.68 ± 0.59 b n/a  
n/a 

n/a 

3.91 ± 0.28 

(-7.0%) 

n/a 

n/a 

Benzo[b]naphtho[1,2-d]thiophene  n/a 2.41 ± 0.21b n/a  
n/a 

n/a 

2.15 ± 0.20 

(-12.4%) 

n/a 

n/a 

C2-Naphthalenes n/a n/a 2170.00 ± 360.00 b  
n/a 

n/a 

n/a 

n/a 

4211.75± 326.79 

(94.1%) 

C3-Naphthalenes n/a n/a 1380.00 ± 270.00 b  
n/a 

n/a 

n/a 

n/a 

2867.55 ± 277.60 

(107.8%) 

C4-Naphthalenes n/a n/a 700.00 ± 130.00 b  
n/a 

n/a 

n/a 

n/a 

584.82 ± 36.84 

(-16.5%) 

C1-Phenanthrenes/Anthracenes n/a n/a 670.00 ± 90.00 b  
n/a 

n/a 

n/a 

n/a 

1009.21 ± 82.60 

(50.7%) 

C2-Phenanthrenes/Anthracenes n/a n/a 630.00 ± 60.00 b  
n/a 

n/a 

n/a 

n/a 

1050.54 ± 137.08 

(66.8%) 

C3-Phenanthrenes/Anthracenes n/a n/a 400.00 ± 50.00 b  
n/a 

n/a 

n/a 

n/a 

568.72 ± 58.46 

(42.2%) 

C4-Phenanthrenes/Anthracenes n/a n/a 200.00 ± 30.00 b  
n/a 

n/a 

n/a 

n/a 

115.66 ± 17.81 

(-42.2%) 

C1-Benzanthracenes/Chrysenes/Triphenylenes n/a n/a 110.00 ± 7.00 b  
n/a 

n/a 

n/a 

n/a 

381.52 ± 18.04 

(246.8%) 

C2-Benzanthracenes/Chrysenes/Triphenylenes n/a n/a 130.00 ± 18.00 b  
n/a 

n/a 

n/a 

n/a 

422.0 ± 57.03 

(224.6%) 

C3-Benzanthracenes/Chrysenes/Triphenylenes n/a n/a 93.00 ± 12.00 b  
n/a 

n/a 

n/a 

n/a 

89.35 ± 3.30 

(-3.9%) 

C4-Benzanthracenes/Chrysenes/Triphenylenes n/a n/a 71.00 ± 16.00 b  
n/a 

n/a 

n/a 

n/a 

18.19 ± 4.40 

(-80.0%) 

C1-Fluorenes n/a n/a 300.00 ± 60.00 b  
n/a 

n/a 

n/a 

n/a 

464.07 ± 59.21 

(54.7%) 

C2-Fluorenes n/a n/a 380.00 ± 30.00 b  
n/a 

n/a 

n/a 

n/a 

578.61 ± 58.19 

(52.3%) 

C3-Fluorenes n/a n/a 270.00 ± 40.00 b  
n/a 

n/a 

n/a 

n/a 

131.97 ± 13.44 

(-51.1%) 

C1-Dibenzothiophenes n/a n/a 130.00 ± 20.00 b  
n/a 

n/a 

n/a 

n/a 

209.28 ± 22.88 

(61.0%) 

C2-Dibenzothiophenes n/a n/a 160.00 ± 20.00 b  
n/a 
n/a 

n/a 
n/a 

371.86 ± 44.72 
(132.4%) 
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C3-Dibenzothiophenes n/a n/a 110.00 ± 10.00 b  
n/a 

n/a 

n/a 

n/a 

275.81 ± 34.67 

(150.7%) 

C4-Dibenzothiophenes n/a n/a 56.00 ± 10.00 b  
n/a 

n/a 

n/a 

n/a 

62.45 ± 8.79 

(11.5%) 

C1-Fluoranthenes/Pyrenes n/a n/a 67.00 ± 7.00 b  
n/a 

n/a 

n/a 

n/a 

151.78 ± 9.26 

(126.5%) 

C2-Fluoranthenes/Pyrenes n/a n/a 130.00 ± 10.00 b  
n/a 

n/a 

n/a 

n/a 

174.62 ± 19.77 

(34.3%) 

C3-Fluoranthenes/Pyrenes n/a n/a 120.00 ± 20.00 b  
n/a 

n/a 

n/a 

n/a 

38.83 ± 4.28 

(-67.6%) 

C4-Fluoranthenes/Pyrenes n/a n/a 87.00 ± 21.00 b  
n/a 

n/a 

n/a 

n/a 

34.84 ± 4.66 

(-60.0%) 
1Seven replicate measurements  
2Three replicate measurements  
3Three replicate measurements  
aCertified Mass Fractions  

bReference Mass Fraction  
cPercentage difference 
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Table V.9: Certified and measured concentrations (mean  standard deviation, mg/kg) of APAHs in 3 standard reference materials 

determined using the external calibration approach (Method 3) to quantitation and GC/MS/MS using multiple reaction monitoring for 

detection.  

Analytes 

Certified/Reference Concentrations (mg/kg)  Measured Concentrations (mg/kg) 

SRM 1944 SRM 1597a SRM 2779  
SRM 19441 

(%) c 

SRM 1597a2 

(%) c 

SRM 27793 

(%) c 

2-methylnaphthalene  0.74 ± 0.06 b 95.00 ± 2.90 b 1630.00 ± 50.00 a  
0.43 ± 0.02 

(-41.8%) 

84.88 ± 3.29 

(-10.7%) 

1331.62 ± 47.90 

(-18.3%) 

1-methylnaphthalene  0.47 ± 0.02 b 43.90 ± 1.80 b 1140.00 ± 20.00 a  
0.25 ± 0.02 

(-46.6%) 

41.88 ± 2.40 

(-4.6%) 

944.83 ± 31.28 

(-17.1%) 

3-methylphenanthrene 2.10 ± 0.10 b 15.80 ± 0.80 a 206.00 ± 32.00 a  
1.88 ± 0.12 

(-10.5%) 

15.45 ± 0.83 

(0.3%) 

185.97 ± 7.28 

(-9.7%) 

2-methylphenanthrene  1.90 ± 0.06 b 19.10 ± 1.10 a 230.00 ± 14.00 a  
1.60 ± 0.10 

(-15.7%) 

19.52 ± 1.33 

(2.19%) 

213.12 ± 9.72 

(-7.3%) 

9- & 4-methylphenanthrene  1.60 ± 0.20 b 5.31 ± 0.50 a 232.00 ± 19.00 a  
1.29 ± 0.08 

(-19.1%) 

10.59 ± 0.36 

(66.8%) 

236.82 ± 13.11 

(2.1%) 

1-methylphenanthrene 1.70 ± 0.10 b 9.23 ± 0.22 a 169.00 ± 10.00 a  
1.19 ± 0.08 

(-30.1%) 

9.04 ± 0.46 

(-2.0%) 

169.26 ± 8.56 

(0.2%) 

2,6-dimethylphenanthrene  0.79 ± 0.02 b 1.06 ± 0.24 b n/a  
0.58 ± 0.03 

(-26.3%) 

1.06 ± 0.06 

(-0.4%) 

n/a 

n/a 

1,7-dimethylphenanthrene  0.62 ± 0.02 b 1.43 ± 0.10 b 110.00 ± 12.00 b  
0.63 ± 0.5 

(2.3%) 

1.25 ± 0.08 

(-12.6%) 

92.59 ± 5.41 

(-15.8%) 

1,8-dimethylphenanthrene  0.24 ± 0.01 b 0.26 ± 0.05 b n/a  
0.29 ± 0.03 

(21.7%) 

0.32 ± 0.03 

(23.3%) 

n/a 

n/a 

4-methylpyrene  1.44 ± 0.03 b 5.13 ± 0.36 b 21.60 ± 1.50 b  
1.29 ± 0.05 

(-10.6%) 

4.38 ± 0.23 

(-14.7%) 

19.79 ± 1.97 

(-8.4%) 

1-methylpyrene  1.29 ± 0.03 b 4.60 ± 1.10 b 12.10 ± 1.80 b  
1.00 ± 0.06 

(-22.8%) 

4.61 ± 0.23 

(0.3%) 

12.13 ± 1.52 

(0.2%) 

2,6-dimethylnaphthalene n/a 5.75 ± 0.63 b n/a  
n/a 

n/a 

8.59 ± 0.51 

(49.4%) 

n/a 

n/a 

Dibenzothiophene n/a 17.70 ± 0.40 b 51.8 ± 2.10 a  
n/a 
n/a 

30.40 ± 1.61 
(71.8%) 

42.27 ± 2.95 
(-18.4%) 

4-methyldibenzothiohene n/a 1.37 ± 0.08 b n/a  
n/a 

n/a 

1.37 ± 0.05 

(0.0%) 

n/a 

n/a 
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Benzo[b]naphtho[2,3-d]thiophene  n/a 3.68 ± 0.59 b n/a  
n/a 

n/a 

3.53 ± 0.16 

(-4.0%) 

n/a 

n/a 

Benzo[b]naphtho[1,2-d]thiophene  n/a 2.41 ± 0.21b n/a  
n/a 

n/a 

2.18 ± 0.11 

(-9.7%) 

n/a 

n/a 

C2-Naphthalenes n/a n/a 2170.00 ± 360.00 b  
n/a 

n/a 

n/a 

n/a 

3229.00 ± 108.37 

(48.8%) 

C3-Naphthalenes n/a n/a 1380.00 ± 270.00 b  
n/a 

n/a 

n/a 

n/a 

2453.85 ± 83.99 

(77.8%) 

C4-Naphthalenes n/a n/a 700.00 ± 130.00 b  
n/a 

n/a 

n/a 

n/a 

487.67 ± 15.34 

(-30.3%) 

C1-Phenanthrenes/Anthracenes n/a n/a 670.00 ± 90.00 b  
n/a 

n/a 

n/a 

n/a 

841.54 ± 39.30 

(25.6%) 

C2-Phenanthrenes/Anthracenes n/a n/a 630.00 ± 60.00 b  
n/a 

n/a 

n/a 

n/a 

905.92 ± 46.07 

(43.8%) 

C3-Phenanthrenes/Anthracenes n/a n/a 400.00 ± 50.00 b  
n/a 

n/a 

n/a 

n/a 

512.34 ± 22.46 

(28.1%) 

C4-Phenanthrenes/Anthracenes n/a n/a 200.00 ± 30.00 b  
n/a 

n/a 

n/a 

n/a 

102.04 ± 13.25 

(49.0%) 

C1-Benzanthracenes/Chrysenes/Triphenylenes n/a n/a 110.00 ± 7.00 b  
n/a 

n/a 

n/a 

n/a 

276.33 ± 34.04 

(151.2%) 

C2-Benzanthracenes/Chrysenes/Triphenylenes n/a n/a 130.00 ± 18.00 b  
n/a 

n/a 

n/a 

n/a 

303.5 ± 31.19 

(133.5%) 

C3-Benzanthracenes/Chrysenes/Triphenylenes n/a n/a 93.00 ± 12.00 b  
n/a 

n/a 

n/a 

n/a 

91.35 ± 7.45 

(-1.8%) 

C4-Benzanthracenes/Chrysenes/Triphenylenes n/a n/a 71.00 ± 16.00 b  
n/a 

n/a 

n/a 

n/a 

15.51 ± 0.85 

(-82.3%) 

C1-Fluorenes n/a n/a 300.00 ± 60.00 b  
n/a 

n/a 

n/a 

n/a 

393.21 ± 27.33 

(31.1%) 

C2-Fluorenes n/a n/a 380.00 ± 30.00 b  
n/a 

n/a 

n/a 

n/a 

474.96 ± 35.76 

(25.0%) 

C3-Fluorenes n/a n/a 270.00 ± 40.00 b  
n/a 

n/a 

n/a 

n/a 

109.84 ± 7.89 

(-59.3%) 

C1-Dibenzothiophenes n/a n/a 130.00 ± 20.00 b  
n/a 

n/a 

n/a 

n/a 

171.75 ± 13.10 

(32.1%) 

C2-Dibenzothiophenes n/a n/a 160.00 ± 20.00 b  
n/a 
n/a 

n/a 
n/a 

334.12 ± 31.15 
(108.8%) 
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C3-Dibenzothiophenes n/a n/a 110.00 ± 10.00 b  
n/a 

n/a 

n/a 

n/a 

254.75 ± 22.04 

(131.6%) 

C4-Dibenzothiophenes n/a n/a 56.00 ± 10.00 b  
n/a 

n/a 

n/a 

n/a 

61.79 ± 7.71 

(10.34%) 

C1-Fluoranthenes/Pyrenes n/a n/a 67.00 ± 7.00 b  
n/a 

n/a 

n/a 

n/a 

127.65 ± 21.49 

(90.52%) 

C2-Fluoranthenes/Pyrenes n/a n/a 130.00 ± 10.00 b  
n/a 

n/a 

n/a 

n/a 

172.98 ± 23.82 

(33.06%) 

C3-Fluoranthenes/Pyrenes n/a n/a 120.00 ± 20.00 b  
n/a 

n/a 

n/a 

n/a 

41.36 ± 4.87 

(65.74%) 

C4-Fluoranthenes/Pyrenes n/a n/a 87.00 ± 21.00 b  
n/a 

n/a 

n/a 

n/a 

42.27 ± 2.95 

(18.41%) 
1Seven replicate measurements  
2Three replicate measurements  
3Three replicate measurements  
aCertified Mass Fractions  

bReference Mass Fraction  
cPercentage difference 
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Table V.10: Certified and measured concentrations (mean  standard deviation, mg/kg) of APAHs in 3 standard reference materials 

determined using the average relative response factor (ARRF) approach to quantitation (Method 4) and GC/MS/MS using multiple 

reaction monitoring for detection. 

Analytes 

Certified/ Reference Concentrations (mg/kg)  Measured Concentrations (mg/kg) 

SRM 1944 SRM 1597a SRM 2779  
SRM 19441 

(%) c 

SRM 1597a2 

(%) c 

SRM 27793 

(%) c 

2-methylnaphthalene  0.74 ± 0.06 b 95.00 ± 2.90 b 1630.00 ± 50.00 a  
0.64 ± 0.09 

(-14.1%) 

92.51 ± 8.75 

(-2.6%) 

1224.56 ± 119.19 

(-24.9%) 

1-methylnaphthalene  0.47 ± 0.02 b 43.90 ± 1.80 b 1140.00 ± 20.00 a  
0.37 ± 0.05 

(-22.1%) 

45.59 ± 4.99 

(3.9%) 

864.30 ± 86.15 

(-24.2%) 

3-methylphenanthrene 2.10 ± 0.10 b 15.80 ± 0.80 a 206.00 ± 32.00 a  
1.62 ± 0.23 

(-22.9%) 

11.84 ± 1.35 

(-23.1%) 

169.15 ± 23.72 

(-17.9%) 

2-methylphenanthrene  1.90 ± 0.06 b 19.10 ± 1.10 a 230.00 ± 14.00 a  
1.40 ± 0.14 

(-26.4%) 

14.97 ± 1.85 

(-21.6%) 

194.01 ± 26.08 

(-15.6%) 

9- & 4-methylphenanthrene  1.60 ± 0.20 b 5.31 ± 0.50 a 232.00 ± 19.00 a  
1.15 ± 0.16 

(-28.0%) 

8.02 ± 0.71 

(26.3%) 

215.41 ± 29.26 

(-7.2%) 

1-methylphenanthrene 1.70 ± 0.10 b 9.23 ± 0.22 a 169.00 ± 10.00 a  
0.99 ± 0.14 

(-41.7%) 

6.94 ± 0.72 

(-24.8%) 

153.79 ± 20.01 

(-9.0%) 

2,6-dimethylphenanthrene  0.79 ± 0.02 b 1.06 ± 0.24 b n/a  
0.48 ± 0.08 

(-39.1%) 

0.87 ± 0.11 

(-18.2%) 

n/a 

n/a 

1,7-dimethylphenanthrene  0.62 ± 0.02 b 1.43 ± 0.10 b 110.00 ± 12.00 b  
0.56 ± 0.14 

(-9.1%) 

1.01 ± 0.12 

(-29.5%) 

84.20 ± 10.90 

(-23.5%) 

1,8-dimethylphenanthrene  0.24 ± 0.01 b 0.26 ± 0.05 b n/a  
0.25 ± 0.07 

(3.9%) 

0.31 ± 0.03 

(18.5%) 

n/a 

n/a 

4-methylpyrene  1.44 ± 0.03 b 5.13 ± 0.36 b 21.60 ± 1.50 b  
0.90 ± 0.21 

(-37.6%) 

2.91± 0.23 

(-43.2%) 

5.76 ± 0.41 

(-73.3%) 

1-methylpyrene  1.29 ± 0.03 b 4.60 ± 1.10 b 12.10 ± 1.80 b  
0.76 ± 0.15 

(-41.2%) 

3.08 ± 0.21 

(-33.1%) 

3.52 ± 0.28 

(-70.9%) 

2,6-dimethylnaphthalene n/a 5.75 ± 0.63 b n/a  
n/a 

n/a 

9.68 ± 1.11 

(68.3%) 

n/a 

n/a 

Dibenzothiophene n/a 17.70 ± 0.40 b 51.8 ± 2.10 a  
n/a 
n/a 

20.25 ± 1.01 
(14.4%) 

37.54 ± 4.00 
(-27.5%) 

4-methyldibenzothiohene n/a 1.37 ± 0.08 b n/a  
n/a 

n/a 

0.90 ± 0.06 

(-34.2%) 

n/a 

n/a 
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Benzo[b]naphtho[2,3-d]thiophene  n/a 2.41 ± 0.21 b n/a  
n/a 

n/a 

1.48 ± 0.22 

(-38.5%) 

n/a 

n/a 

Benzo[b]naphtho[1,2-d]thiophene  n/a 3.68 ± 0.59 b n/a  
n/a 

n/a 

2.40 ± 0.34 

(-34.7%) 

n/a 

n/a 

C2-Naphthalenes n/a n/a 2170.00 ± 360.00 b  
n/a 

n/a 

n/a 

n/a 

2938.32 ± 295.16 

(35.4%) 

C3-Naphthalenes n/a n/a 1380.00 ± 270.00 b  
n/a 

n/a 

n/a 

n/a 

2274.85 ± 211.01 

(64.8%) 

C4-Naphthalenes n/a n/a 700.00 ± 130.00 b  
n/a 

n/a 

n/a 

n/a 

452.69 ± 42.21 

(-35.3%) 

C1-Phenanthrenes/Anthracenes n/a n/a 670.00 ± 90.00 b  
n/a 

n/a 

n/a 

n/a 

764.36 ± 102.23 

(14.1%) 

C2-Phenanthrenes/Anthracenes n/a n/a 630.00 ± 60.00 b  
n/a 

n/a 

n/a 

n/a 

822.96 ± 108.34 

(30.6%) 

C3-Phenanthrenes/Anthracenes n/a n/a 400.00 ± 50.00 b  
n/a 

n/a 

n/a 

n/a 

473.62 ± 62.62 

(18.4%) 

C4-Phenanthrenes/Anthracenes n/a n/a 200.00 ± 30.00 b  
n/a 

n/a 

n/a 

n/a 

103.03 ± 12.01 

(-48.5%) 

C1-Benzanthracenes/Chrysenes/Triphenylenes n/a n/a 110.00 ± 7.00 b  
n/a 

n/a 

n/a 

n/a 

316.28 ± 53.84 

(187.53%) 

C2-Benzanthracenes/Chrysenes/Triphenylenes n/a n/a 130.00 ± 18.00 b  
n/a 

n/a 

n/a 

n/a 

353.66 ± 39.97 

(172.0 %) 

C3-Benzanthracenes/Chrysenes/Triphenylenes n/a n/a 93.00 ± 12.00 b  
n/a 

n/a 

n/a 

n/a 

108.71 ± `0.37 

(16.9 %) 

C4-Benzanthracenes/Chrysenes/Triphenylenes n/a n/a 71.00 ± 16.00 b  
n/a 

n/a 

n/a 

n/a 

71.01 ± 4.02 

(22.0 %) 

C1-Fluorenes n/a n/a 300.00 ± 60.00 b  
n/a 

n/a 

n/a 

n/a 

170.91 ± 20.25 

(-43.0%) 

C2-Fluorenes n/a n/a 380.00 ± 30.00 b  
n/a 

n/a 

n/a 

n/a 

194.99 ± 23.05 

(-48.7%) 

C3-Fluorenes n/a n/a 270.00 ± 40.00 b  
n/a 

n/a 

n/a 

n/a 

44.92 ± 6.21 

(-83.4%) 

C1-Dibenzothiophenes n/a n/a 130.00 ± 20.00 b  
n/a 

n/a 

n/a 

n/a 

161.39 ± 23.82 

(24.1%) 

C2-Dibenzothiophenes n/a n/a 160.00 ± 20.00 b  
n/a 
n/a 

n/a 
n/a 

295.12 ± 29.90 
(84.5%) 
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C3-Dibenzothiophenes n/a n/a 110.00 ± 10.00 b  
n/a 

n/a 

n/a 

n/a 

210.07 ± 25.00 

(91.0%) 

C4-Dibenzothiophenes n/a n/a 56.00 ± 10.00 b  
n/a 

n/a 

n/a 

n/a 

50.78 ± 8.48 

(-9.3%) 

C1-Fluoranthenes/Pyrenes n/a n/a 67.00 ± 7.00 b  
n/a 

n/a 

n/a 

n/a 

38.85 ± 5.09 

(-42.0%) 

C2-Fluoranthenes/Pyrenes n/a n/a 130.00 ± 10.00 b  
n/a 

n/a 

n/a 

n/a 

50.60 ± 6.30 

(-61.1%) 

C3-Fluoranthenes/Pyrenes n/a n/a 120.00 ± 20.00 b  
n/a 

n/a 

n/a 

n/a 

12.65 ± 1.40 

(-89.5%) 

C4-Fluoranthenes/Pyrenes n/a n/a 87.00 ± 21.00 b  
n/a 

n/a 

n/a 

n/a 

10.87 ± 2.59 

(-87.5%) 
1Seven replicate measurements  
2Three replicate measurements  
3Three replicate measurements  
aCertified Mass Fractions  

bReference Mass Fraction  
cPercentage difference 
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Table V.11: Certified and measured concentrations (mean  standard deviation, mg/kg) of APAHs in 3 standard reference materials 

determined using the relative response factor (RRF) approach to quantitation (Method 5) and GC/MS/MS using multiple reaction 

monitoring for detection. 

Analytes Certified/Reference Concentrations (mg/kg)  Measured Concentrations (mg/kg) 

SRM 1944 SRM 1597a SRM 2779  
SRM 19441 

(%) c 

SRM 1597a2 

(%) c 

SRM 27793 

(%) c 

2-methylnaphthalene  0.74 ± 0.06 b 95.00 ± 2.90 b 1630.00 ± 50.00 a  
1.99 ± 0.32 

(168.6%) 

120.17 ± 11.36 

(26.5%) 

2574.34 ± 250.56 

(57.9%) 

1-methylnaphthalene  0.47 ± 0.02 b 43.90 ± 1.80 b 1140.00 ± 20.00 a  
1.04 ± 0.17 

(122.3%) 

54.01 ± 5.91 

(23.0%) 

1597.16 ± 159.21 

(40.1%) 

3-methylphenanthrene 2.10 ± 0.10 b 15.80 ± 0.80 a 206.00 ± 32.00 a  
1.24 ± 0.16 

(-41.1%) 

4.61 ± 0.42 

(-75.8%) 

66.84 ± 9.38 

(-67.6%) 

2-methylphenanthrene  1.90 ± 0.06 b 19.10 ± 1.10 a 230.00 ± 14.00 a  
1.09 ± 0.15 

(-42.4%) 

4.99 ± 0.62 

(-73.9%) 

77.16 ± 10.37 

(-66.5%) 

9- & 4-methylphenanthrene  1.60 ± 0.20 b 5.31 ± 0.50 a 232.00 ± 19.00 a  
0.90 ± 0.12 

(-43.6%) 

3.22 ± 0.23 

(-58.8%) 

87.39 ± 11.87 

(-62.3%) 

1-methylphenanthrene 1.70 ± 0.10 b 9.23 ± 0.22 a 169.00 ± 10.00 a  
0.85 ± 0.11 

(-49.8%) 

2.25 ± 0.23 

(-75.7%) 

60.58 ± 7.88 

(-64.2%) 

2,6-dimethylphenanthrene  0.79 ± 0.02 b 1.06 ± 0.24 b n/a  
0.25 ± 0.03 

(-67.9%) 

0.22 ± 0.03 

(-79.4%) 

n/a 

n/a 

1,7-dimethylphenanthrene  0.62 ± 0.02 b 1.43 ± 0.10 b 110.00 ± 12.00 b  
0.22 ± 0.03 

(-63.8%) 

0.17 ± 0.02 

(-87.9%) 

17.56 ± 2.27 

(-84.0%) 

1,8-dimethylphenanthrene  0.24 ± 0.01 b 0.26 ± 0.05 b n/a  
0.09 ± 0.02 

(-62.6%) 

0.045 ± 0.004 

(-82.6%) 

n/a 

n/a 

4-methylpyrene  1.44 ± 0.03 b 5.13 ± 0.36 b 21.60 ± 1.50 b  
0.41 ± 0.04 

(-71.7%) 

0.74 ± 0.06 

(-85.6%) 

1.42 ± 0.10 

(-93.4%) 

1-methylpyrene  1.29 ± 0.03 b 4.60 ± 1.10 b 12.10 ± 1.80 b  
0.31 ± 0.03 

(-75.9%) 

0.75 ± 0.05 

(-83.8%) 

0.83 ± 0.07 

(-93.1%) 

2,6-dimethylnaphthalene n/a 5.75 ± 0.63 b n/a  
n/a 

n/a 

8.79 ± 1.00 

(52.3%) 

n/a 

n/a 

Dibenzothiophene n/a 17.70 ± 0.40 b 51.80 ± 1.20 a  
n/a 
n/a 

3.06 ± 0.15 
(-82.7%) 

13.81 ± 2.20 
(-73.3%) 

4-methyldibenzothiohene n/a 1.37 ± 0.08 b n/a  
n/a 

n/a 

0.33 ± 0.02 

(-75.8%) 

n/a 

n/a 
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Benzo[b]naphtho[2,3-d]thiophene  n/a 2.41 ± 0.21 b n/a  
n/a 

n/a 

0.26 ± 0.04 

(-89.4%) 

n/a 

n/a 

Benzo[b]naphtho[1,2-d]thiophene  n/a 3.68 ± 0.59 b n/a  
n/a 

n/a 

0.47 ± 0.07 

(-87.2%) 

n/a 

n/a 

C2-Naphthalenes n/a n/a 2170.00 ± 360.00 b  
n/a 

n/a 

n/a 

n/a 

4127.49 ± 414.61 

(90.2%) 

C3-Naphthalenes n/a n/a 1380.00 ± 270.00 b  
n/a 

n/a 

n/a 

n/a 

2816.76 ± 261.28 

(104.1%) 

C4-Naphthalenes n/a n/a 700.00 ± 130.00 b  
n/a 

n/a 

n/a 

n/a 

544.97 ± 50.81 

(-22.1%) 

C1-Phenanthrenes/Anthracenes n/a n/a 670.00 ± 90.00 b  
n/a 

n/a 

n/a 

n/a 

302.05 ± 40.40 

(-54.9%) 

C2-Phenanthrenes/Anthracenes n/a n/a 630.00 ± 60.00 b  
n/a 

n/a 

n/a 

n/a 

222.25 ± 29.30 

(-64.7%) 

C3-Phenanthrenes/Anthracenes n/a n/a 400.00 ± 50.00 b  
n/a 

n/a 

n/a 

n/a 

204.02 ± 26.98 

(-49.0%) 

C4-Phenanthrenes/Anthracenes n/a n/a 200.00 ± 30.00 b  
n/a 

n/a 

n/a 

n/a 

17.66 ± 2.25 

(-91.2%) 

C1-Benzanthracenes/Chrysenes/Triphenylenes n/a n/a 110.00 ± 7.00 b  
n/a 

n/a 

n/a 

n/a 

2.27 ± 0.39 

(-97.9%) 

C2-Benzanthracenes/Chrysenes/Triphenylenes n/a n/a 130.00 ± 18.00 b  
n/a 

n/a 

n/a 

n/a 

6.97 ± 1.11 

(-94.6%) 

C3-Benzanthracenes/Chrysenes/Triphenylenes n/a n/a 93.00 ± 12.00 b  
n/a 

n/a 

n/a 

n/a 

3.71 ± 0.35 

(-96.0%) 

C4-Benzanthracenes/Chrysenes/Triphenylenes n/a n/a 71.00 ± 16.00 b  
n/a 

n/a 

n/a 

n/a 

0.51 ± 0.10 

(-99.4%) 

C1-Fluorenes n/a n/a 300.00 ± 60.00 b  
n/a 

n/a 

n/a 

n/a 

50.47 ± 5.98 

(-83.2%) 

C2-Fluorenes n/a n/a 380.00 ± 30.00 b  
n/a 

n/a 

n/a 

n/a 

45.53 ± 5.38 

(-88.0%) 

C3-Fluorenes n/a n/a 270.00 ± 40.00 b  
n/a 

n/a 

n/a 

n/a 

10.49 ± 1.45 

(-96.1%) 

C1-Dibenzothiophenes n/a n/a 130.00 ± 20.00 b  
n/a 

n/a 

n/a 

n/a 

148.31 ± 21.89 

(14.1%) 

C2-Dibenzothiophenes n/a n/a 160.00 ± 20.00 b  
n/a 
n/a 

n/a 
n/a 

71.09 ± 7.20 
(-55.6%) 
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C3-Dibenzothiophenes n/a n/a 110.00 ± 10.00 b  
n/a 

n/a 

n/a 

n/a 

101.64 ± 12.10 

(-7.6%) 

C4-Dibenzothiophenes n/a n/a 56.00 ± 10.00 b  
n/a 

n/a 

n/a 

n/a 

24.57 ± 4.10 

(-56.1%) 

C1-Fluoranthenes/Pyrenes n/a n/a 67.00 ± 7.00 b  
n/a 

n/a 

n/a 

n/a 

9.67 ± 1.10 

(-85.6%) 

C2-Fluoranthenes/Pyrenes n/a n/a 130.00 ± 10.00 b  
n/a 

n/a 

n/a 

n/a 

8.05 ± 1.00 

(-93.8%) 

C3-Fluoranthenes/Pyrenes n/a n/a 120.00 ± 20.00 b  
n/a 

n/a 

n/a 

n/a 

2.01 ± 0.22 

(-98.3%) 

C4-Fluoranthenes/Pyrenes n/a n/a 87.00 ± 21.00 b  
n/a 

n/a 

n/a 

n/a 

1.64 ± 0.41 

(-98.1%) 
1Seven replicate measurements  
2Three replicate measurements  
3Three replicate measurements  
aCertified Mass Fractions  

bReference Mass Fraction  
cPercentage difference 



XLIV 
 

 

Figure V.1: Percentage bias for 16 USEPA PAHs in extract of all 3 SRMs with the acceptable limits. 
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Appendix VI. Additional Metrics from Chapter 7: Alkylation of 

Benz[a]anthracene Affects Toxicity to Early – Life 

Stage Zebrafish and In Vitro Aryl Hydrocarbon 

Receptor 2 Transactivation in a Position‐Dependent 

Manner 



XLVI 
 

Table VI.1: Method performance characteristics of the six target analytes extracted using the 

sample workflow described in Section 7.3.2. and analysis using GC/MS/MS. 

Chemical Recovery 

(%) 

Precision 

(% RSDc) 

LODa 

(pg µL-1) 

LOQb 

(pg µL-1) 

LODa 

(ng/g-egg) 

LOQb 

(ng/g-egg) 

4-MBAA 94.2 6.1 11.5 38.2  57.5   191.0  

7,12-DMBAA 89.0 7.4 13.2 44.0  66.0   220.0  

8-MBAA 100.0 7.5 15.1 50.2  75.5   251.0  

BAA 113.5 3.4 7.7 25.7  38.5   128.5  
a limit of detection 
b limit of quantification  
c relative standard deviation 
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Table VI.2: Relative potencies of tested chemicals in vivo, in vitro, and in the literature to TCDD. 

All RePs were calculated based on nanomolar concentrations (nmol/g-egg or nM).  

a RePs calculated based on the LD50 for early life-stage toxicity of TCDD in zebrafish from Elonen et al. (1998). 
b RePs calculated based on the EC50 for activation of zebrafish AhR2 by TCDD in the in vitro AhR transactivation 

assay from Zhang et al. (2018). 
c RePs previously published by Barron et al. (2004).  
d Data not available (N/A). 

  

Chemical 
in vivo ReP to 

TCDD 

in vitro ReP to 

TCDD 

EROD ReP to 

TCDD 

TCDD 1.0a 1.0b 1.0c 

BAA 0.00007a 1.0b 0.0002c 

4-MBAA 0.00008a 5.1b N/Ad 

8-MBAA 0.0004a 18.4b 0.0016c 

7,12-DMBAA 0.0001a 0.6b 0.0004c 
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Figure VI.1: Representative images of control larvae (1–2) and larvae exposed to BAA, 4-MBAA, 

8-MBAA, or 7,12-DMBAA (3–6). Larvae exposed to PAHs exhibited malformations such as 

pericardial edema (A), yolk sac edema (B), and spinal curvatures (C) at an elevated rate.  

 
 

 

 

 

 

 

 

 

 
 

 
 


